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Abstract
Within the New England Orogen, NSW, Australia, lays a narrow vestige of
enigmatic Cambrian-Devonian oceanic Palaeozoic rocks. Speculation on how they
came to be located in the midst of a Carboniferious oceanic-continental convergent
margin have been examined over the decades. These questions are the subject of
this Ph.D. thesis. Two schools of thought dominate how Cambrian – Devonian
oceanic material ended up in the middle of the Orogen; 1) the Tasmanides
underwent back-arc opening and closing (Accordion tectonics) and, 2) exotic
oceanic material was added progressively to the west-dipping convergent margin, in
discrete episodes (quantum tectonics). Three published papers presented in this
thesis argue the later scenario is most likely. The igneous and metamorphic rocks
sampled on average had a low zircon yield, with SHRIMP being employed to
determine the zircon U–Pb ages. Zircon Lu–Hf isotopic ratios acquired via LA–
ICP–MS provided information on the tectonic setting (juvenile crust or reworked
continental crust). A Cambrian protolith age for Weraerai terrane, is supported here
by the oldest age presented in the paper, the Attunga eclogite (Weighted mean
206

Pb/238U age of 534 ± 14 Ma) and two ages from Barry, one from the gabbro,

504.9 ± 3.5 Ma and the other from amphibole-bearing felsic dykes of 503.2 ± 5.7
Ma. This Cambrian oceanic crust formed in a supra-subduction zone. Zircons from
the Attunga eclogite have an average εHf(t) of +13, and those from the Barry
gabbros and felsic dykes contained within them have average εHf(t) of + 11.1 and
+ 11.6 respectively. Eclogite facies metamorphic zircons from the Attunga eclogite
have a 206Pb/238U age of 490 ± 14 Ma. Ti-in-zircon provide temperature for zircon
formation - 770–610°C. This is conformed by the depletion of heavy rare earth
elements in the garnet rims. Trondhjemites from the Gamilaroi terrane, provided
Early Devonian zircon U–Pb ages of 413 ± 8.7 Ma, with εHf(t) values of + 5.0 to
+ 2.9. This range is typical of island arc rocks, and is reinforced by enrichment in
LREE and strong negative Nb anomalies. Rhyolites from a small transtensional
basin at Echo Hills, have a SHRIMP zircon U–Pb age of 295.6 ± 4.6 Ma. Whole
rock geochemistry indicates these are peraluminous felsic melts enriched in LREE
and incompatible elements. Rock units located along the Peel Fault in the southern
New England Orogen, formed remotely from the margin of Gondwana. Subduction
i

of suprasubduction zone oceanic crust (~ 530-505 Ma) occurred at ~ 490 Ma. Island
arc trondhjemitic melts were intruded into an island arc (~ 413 Ma). In the latest
Devonian, both the Weraerai and Gamilaroi terranes were accreted onto the
Gondwanide margin. These terranes were brought to higher crustal levels in the
latest Carboniferous-early Permian, recorded by the transtensional basin formation
and minor felsic lavas (~ 296 Ma). This thesis contributes to the understanding of
continental growth along the Gondwanide margin, and thus the processes
documented here may be applied to other orogens around the globe.

ii
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Chapter 1: Introduction and Critical Overview
1.1 Purpose for the research
Tectonic models explaining the formation of continental crust along convergent
plate margins are continuously revised in light of new data. Hence this thesis
examines remnants of early Palaeozoic crust found as a collage of tectonic slivers
within the southern New England Orogen of north-eastern New South Wales
(Australia) to resolve important questions that include: 1) Did all subduction
complex rocks of the New England Orogen form along the eastern continental
margin of Gondwana? 2) Are some ophiolite-island arc elements of intra-oceanic
origin and allochthonous Panthalassan terranes that travelled considerable distances
before colliding with the eastern Gondwana margin? 3) What role did major crustal
discontinuities such as the Peel-Manning Fault System play in terms of
incorporating these juvenile oceanic rocks and into the New England Orogen crust,
and 4) when were they active?
1.2 Key Problems within the New England Orogen
The new geochronological and geochemical data presented here is intergrated
detailed field observations that together help resolve the question of allochthoneity
and thus refine tectonic models of continental growth along the eastern margin of
Gondwana. The Tasmanides (Glen 2005) or Terra Australis Orogen (Cawood et al.,
2011) of eastern Australia consists entirely of latest Neoproterozoic to Cretaceous
sedimentary sequences and volcanic suites that formed via subduction-related
processes operating along the eastern margin of Gondwana throughout the
Paleozoic and into the Mesozoic. The eastern-most and youngest portion of the
Tasmanides is known as the New England Orogen (Leitch 1975). The New England
Orogen is comprised of Cambrian-Triassic volcanic rocks, volcanoclastic rocks,
deep marine pelagic and clastic rocks and diverse plutonic suites from which the
original granite alphabet (S- and I-type) classification scheme of Chappel and
White (1974; 2001) was devised. All rocks within the southern New England
Orogen were subjected to multiple deformation events associated with arc-continent
16

collision in the latest Devonian (Buckman et al., 2015), accretionary offscraping
throughout the Carboniferous-Permian and finally the Hunter-Bowen Orogeny at
around the Permo-Triassic boundary (Nutman et al., 2014; Lennox and Roberts,
1989; Collins, 1991). The New England Orogen was subject to a major
reclassification and re-interpretation with the introduction of the terrane concept
(Howell, 1992) in the early 1990’s that led to the reclassification of distinct faultbounded units as separate terranes by Aitchison and Flood (1990). The two oldest
terranes, the Cambrian Weraerai terrane (ophiolitic) and the Siluro-Devonian
Gamilaroi island-arc terrane, are anomalously older than the surrounding
Carboniferous fore-arc and accretionary units of the Tamworth Belt and Tablelands
Complex and are juxtaposed along the Peel-Manning Fault Sytem (Figure 2.1). The
Weraerai terrane is hosted in a serpentinite-matrix mélange that also contains rare
high-pressure/low temperature metamorphic blocks of the eclogite and blueschist
facies. These provide critical information relating to past subduction events
(Manton et al., 2017a; Phillips et al., 2016). Tectonic models attempting to explain
the formation and relationship of these enigmatic early Palaeozoic juvenile oceanic
rocks have been built on limited geochronological data sets due to the lack of
biostratigraphic control and the lack of easily datable igneous (felsic) phases.
Recent advances in zircon extraction techniques have enabled small quantities of
zircons to be extracted from large volumes (~ 4 kg) samples of mafic rocks such as
gabbro enabling high-precision U–Pb dating of these rocks. Combining standard
petrological and geochemical analysis with high-end geochronological (U–Pb) data
obtained from zircon as well as isotopic tracers such as Lu–Hf in zircon, provides
more accurate temporal and spatial constraints to determine the overall tectonic
setting of these enigmatic juvenile terranes in the New England Orogen and refine
our understanding of continental growth patterns along eastern Gondwana.
Crustal growth occurs at the active margins of continents (Dewey 1988) but may
well be initiated in intra-oceanic “island-arc” settings as a result of subduction
initiation (Stern 2004). Lateral crustal growth can be via accretion of island arcs;
e.g., Sandwich, Lesser Antilles, Tonga-Kermadec and the Bonin-Mariana arcs;
Brown et al., 1977; Hawkesworth 1979; Hawkesworth and Powell 1980; Bloomer
and Fisher 1987; Stern and Bloomer 1992; Taylor 1992; Bloomer et al., 1994; Clift
and Macleod 1999; Macdonald 2000; Larter et al., 2003; Ishizuka et al., 2006;
17

Hergt and Woodhead 2007; Reagan et al., 2010; Straub et al., 2010) in continental
Andean arcs (e.g. James, 1971; Stern, 1991; Pankhurst and Rapela, 1998; Ramos
2009; Cardona et al., 2011); and North American Cordillera (Saleeby, 1983;
Wernicke, 1987; Dixon et al., 2000; Dickinson, 2004) or the collision of two
continents or continental fragments such as India and Eurasia or Africa and
southern Europe e.g. Molnar and Tapponnier 1975; England and Houseman 1986;
Tapponnier et al., 1986; Bergerat, 1987; Dewey et al., 1989; Rowley, 1996; Sobel
and Dumitru, 1997; Jolivet and Faccenna, 2000).
As material is progressively added to continental margins from arcs, the
subduction zones must step outboard of the continental margin, in order for
convergence to continue between the two plates. When this occurs, the newly
accreted material becomes cratonised. Active continental margins are often
characterised by the amalgamation of disparate and unrelated packages of oceanic
and continental rocks that are referred to as suspect tectonostratigraphic terranes
(Coney et al., 1980; Ben-Avraham et al., 1981). Some oceanic (ophiolitic or island
arc) terranes originated up to 6000 km away from the continental margin they are
now incorporated into (Champion et al., 1984; Howell 1985; Beck 1991).
If the remobilisation of terranes along their bounding faults or new partitioning
occurs following their accretion on to the continental margin, the original
relationship between the tectonostratigraphic terranes and the inboard continental
crust may be exceedingly difficult to interpret. In some cases only very small
portions of entire terranes are preserved, following these partitioning and lateral
dispersal events. Additionally, based on the processes leading to terrane accretion
(i.e. elevated pressure and temperature), rocks from these terranes often do not
retain their primary mineral assemblages (Monger et al., 1982), further
complicating interpretation of their geological history.
1.3 Aims
The New England Orogen was actively evolving as a part of the eastern margin
of the supercontinent Gondwana throughout the Paleozoic. The overarching aim of
this project is to date and interpret the oldest oceanic crustal elements of the New
England Orogen in order to understand better the mechanisms of their emplacement
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within Gondwana and the overall tectonic evolution of Australia’s easternmost
orogenic system.
This project provides new geochronological data from difficult to date crustal
elements within or adjacent to the Peel-Manning Fault System including; 1)
juvenile, intra-oceanic island arc rocks of the Gamilaroi terrane, 2) high-pressure
low-temperature eclogites within the serpentinite mélange of the Weraerai terrane
and 3) rare felsic volcanics interbedded with Permian strike-slip basins that
developed along the strike-slip Peel-Manning Fault System.
This is a thesis via publication and includes three accepted papers as Chapters 4,
5 and 6. Each chapter focusses on key rock units along the Peel-Manning Fault
System that are critical to the early evolution of the New England Orogen but have
received little attention due to the difficulty in obtaining datable samples within the
zircon-poor, mafic protoliths such as the ophiolitic Weraerai terrane and the island
arc Gamilaroi terrane.
The first paper (Chapter 2) focusses on the age and evolution of the Attunga
eclogite and was published in the journal Tectonics in 2017 (Manton et al., 2017).
This work provides new zircon U–Pb–Hf isotopic data of metamorphic and igneous
protolith zircons extracted from one of only three eclogite localities within the New
England Orogen. Eclogites are important road signs of subduction processes. The
Cambrian age of the protolith with highly positive initial εHf and metamorphic
zircon rims attests to subduction processes operating within a juvenile oceanic
setting somewhere within the vast Panthalassan Ocean. The juvenile isotopic
signature is not compatable with an active margin of Gondwana, which at the time
of continental arc magmatism within the active Delamerian Orogen 1000 km
further west in South Australia.
The second paper (Chapter 3) concentrates on the age and origin of the ophiolitic
Weraerai terrane and the adjacent intrusive core of the island arc Gamilaroi terrane
that is well exposed at Barry Station and was published in the journal Lithos in
2017. Zircons within these units are extremely rare and several ~ 4 kg samples of
both mafic and felsic intrusive suites were processed before any datable zircons
were extracted. The geochemistry and Hf isotopes of these intrusive rocks indicate
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a late Cambrian to Siluro-Devonian period of intra-oceanic, island arc development
for these early Paleozoic terranes within the New England.
The third paper (Chapter 4) examines the age and origin of a small Permian
strike-slip basin located on a splay of the Peel-Manning Fault System at Mulla
Creek within the Echo Hills Formation that includes undated felsic rhyolites
(Ramleh Volcanics) and has recently been accepted in the Australian Journal of
Earth Sciences. The Echo Hills Formation is equivalent to the broader Manning
Group that consists of diamictites deposited into strike-slip basins all along the
Peel-Manning Fault System (Buckman, 1993). The age of the Manning Group and
faulting along the Peel-Manning Fault System is not well constrained within the
early Permian (Manton et al., 2018). These felsic volcanic rocks are equivalent to
the S-type granites of the Hillgrove Plutonic Supersuite and this work provides and
explanation for the formation of these sedimentary derived felsic volcanic rocks
almost exclusively east of the Peel-Manning Fault System.
Each paper provides a comprehensive literature review in each introduction and
details the methods employed in each paper. The final thesis chapter synthesises the
findings together and discusses the potential for future work in the New England
Orogen
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Chapter 2: Previous Studies
2.1 The Tasmanides
Before the advent of plate tectonic theory in the 1970’s, the New England
Orogen was interpreted as a eugeosyncline (Packham, 1960) according to the
prevailing geosynclinal theory at the time. Packham and Leitch (1974) were the
first to apply plate tectonic theory to the Tasmanides (Fig. 2.1) and the model of
long-lived, west-dipping subduction was refined and applied to the New
England Orogen by Leitch (1975); (Fig. 2.2).
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Figure 2.1: Packham and Leitch 1974. Tectonic evolution of the Tasmanides via
west-dipping subduction.
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Figure 2.2: Tectonic evolution of the New England Orogen involving west-dipping
subduction, as proposed by Leitch (1975) for; A) - latest Silurian - early Middle
Devonian; B) - latest Devonian; C) - late Carboniferous.
Eastern Gondwana was an active convergent margin from the late
Neoproterozoic through to the Triassic that gave rise to a complex collage of
continental and intra-oceanic terranes. In eastern Australia, these rocks are
collectively known as the Tasmanides (Fig. 4.1; Scheibner and Basden, 1996;
Cawood and Buchan, 2007; Kemp et al., 2009; Glen, 2013). Prior to the breakup of
Gondwana the Tasmanides were part of the larger “Terra Australis” orogenic
system, which formed following the dispersal of the supercontinent Rodina
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(Cawood 2005) and subsequent opening of the Paleo-Pacific or Panthalassa Ocean
(Keto and Jacobsen 1987; van der Meer et al., 2012). The Terra Australis Orogen
was one of the longest-lived and most extensive, convergent zones to exist
(Vaughan and Pankhurst 2008), stretching from northern Australia (Papua New
Guinea); (Hill & Hall 2003) south, across Antarctica (Boger 2011) and along the
South American Cordillera (Cawood 2005). Eastern Australia is important globally
because unlike other continents, that host remnants of the Terra Australis Orogen
(Antarctica and South America), it provides an almost complete, uninterrupted
crustal section across the entire Terra Australis Orogen recording the initial breakup in the Adelaide Fold Thrust Belt to the initiation of the convergent margin
tectonics starting with the Delamerian Orogen, followed by the Lachlan-Thompson
Orogen (514-499 Ma; Coney, 1990; Foster and Gray, 2000; Glen, 2005; Robertson
et al., 2015) and finally the New England Orogen. A fundamental issue with
treating the Terra Australis Orogen as a purely accretionary orogen, that accretes
progressively younger material to eastern Gondwana, is the presence of late
Proterozoic to Cambrian ophiolites and early Palaeozoic island-arc terranes within
otherwise younger (Devonian to Carboniferous) rocks of the New England Orogen
(Aitchison and Buckman, 2012). These terranes have distinctly juvenile, intraoceanic affinities and are associated with high-pressure, low-temperature eclogites
and blueschists within mélange zones. Ages for these rocks are not well constrained
due to the difficulty in obtaining reliable isotopic ages. Subsequently, they are the
focus of this thesis.
2.1.1 The Delamerian Orogen
The Adelaide Fold Thrust Belt (Mancktelow 1990) and the encompassing westvergent Delamerian Orogen (Jenkins and Sandiford 1992; Flöttmann et al., 1994)
incorporates rocks from passive margin sequences formed by the rifting of
Lautenriana (now west USA and Canada) from the Australian Proterozoic cratons
(i.e. Cawler Craton; von der Borch 1980). Convergence along the margin of
Gondwana started at 514 ± 3 Ma and lasted for 24 million years (Foden et al.,
2006). The event is coeval with the finalisation of the Pan-African Orogen (514-490
Ma), the amalgamation of East and West Gondwana (Cawood 2005; Foden et al.,
2006). Syn and post-kinematic I-type granites (Drexel and Preiss, 1995; Foden et
al., 1999) were followed by 480-490 Ma A-type mafic rocks (Foden et al., 2006).
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Together with the Delamerian Orogen’s southern equivalent, the Ross Orogen in
Victoria Land, Antarctica, both are a good representation of a continental margin
switching from rifting to passive to convergent tectonic regimes.
Switching from the Delamerian Orogen to the Lachlan Orogen is difficult to
resolve and is often neglected when attempting to construct tectonic models
(Cayley 2011). Three schools of thought dominate, i) following the convergent
margin setting, after 490 ± 3 Ma (youngest age of Delamerian A-type granitic
rocks; Foden et al., 2006), the west dipping subduction zone underwent simple slab
roll-back, with quartz turbidites deposited atop the passive margin (Gray and Webb,
1995); ii) micro continent or island arc accretion caused a sudden stepping out of
the subduction zone to the east (Foden et al., 2006) and iii) rifting and thinning of
the continental margin at ~ 600 Ma, with an east-dipping intra-oceanic subduction
zone located to the east of Gondwana (Crawford and Berry 1992). Collision
between this island arc and the continental margin occurred in the Middle Cambrian
resulting in the over thrusting of low-Ti basalts and boninites on to the Gondwanide
margin. These are now preserved in the southern part of the Lachlan Orogen
(Crawford and Berry 1992).
2.1.2 The Lachlan Orogen
The Lachlan Orogen formed following the Delamerian Orogen and is located
east of the latter. The Lachlan Orogen is a complex mixture of predominantly
Ordovician quartz turbidites with strong Gondwanan affinity interspersed with
coeval island arc rocks of the Macquarie Arc that are host to important porphyry
Au-Cu deposits (Zhang et al., 2019). Overlying these Ordovician basement rocks
are Silurian to Devonian continental arc volcanics and intrusive S- and I-type
granites (Chappell and White 1992). Some researchers have proposed multiple
subduction zones of varying polarity to explain the resultant structure (Collins,
2002; Glen, 2005; Cawood et al., 2009; Glen and Meffre, 2009; Kemp et al., 2009;
Collins and Vernon, 1992; Fergusson, 2003; Spaggiari et al., 2004; Fergusson et al.,
2013). Others have suggested that the Macquarie Arc initially formed via outboard,
east-dipping subduction that led to its accretion onto the passive margin, intensely
folding sediments (i.e. Adaminaby Group) in eastern Gondwana resulting in the
Benambran Orogeny (Aitchison and Buckman, 2012; Zhang et al., 2019). The
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Lachlan Orogen can be divided into three sub-provinces based on lithology and
structure. The Western sub-province (450-420 Ma) is characterised by a westdipping, east-vergent thrust system consisting of quartz-rich turbidites and exposed
Cambrian metavolcanics/dismembered ophiolites. The Central sub-province (440420 Ma); which is dominated by the Wagga-Omeo, greenschist to upper amphibole,
metamorphic complex and the eastern sub-province (430-340 Ma). The eastern subprovince (430-340 Ma) is an east-vergent thrust system, made up of turbidites,
chert, mudstone and mafic-intermediate volcanics and is the location of the
Ordovician Macquarie Arc (Foster and Gray 2000; Fergusson 2003). These are
broadly associated with distinct orogenic events of the Early Silurian (439-35 Ma)
Benambran Orogeny (Fergusson & Coney 1992; Glen 1992); Middle Devonian
(381-377 Ma) Tabberabberan Orogeny (Talent 1959) and the final Kanimblan
Orogeny at the start of Carboniferous 360-340 Ma (Powell 1984; Gray et al., 1997;
Foster and Gray 2000). The latter may be associated with the amalgamation of the
New England Orogen with the Lachlan Orogen (Flood and Aitchison 1992;
Aitchison and Flood 1994; Aitchison and Buckman, 2012) and will be discussed
later in the chapter.
2.1.3 The New England Orogen
The New England Orogen, along the east coast of Australia, is an example of a
convergent margin system that formed via subduction processes along eastern
Gondwana from the Palaeozoic to the early Mesozoic (Cross et al., 1987). The
southern New England Orogen occupies northern NSW and portions of eastern
Queensland. This research project focuses on rocks along the Peel-Manning Fault
System in the southern or NSW portion of the New England Orogen. Many of the
units studies in this thesis have been well documented previously, however they
lack critical age data which is fundamental to determining when and where they
formed and whether they were allochthonous or autochthonous to Gondwana
(Stratford and Aitchison, 1997; Flood and Aitchison, 1988; Phillips et al., 2015;
Nutman et al., 2013; Manton et al., 2017a, b). The Peel-Manning Fault System
(Corbett 1976; Cawood 1982a) separates the Tamworth Belt (a Carboniferous
forearc) to the west from its associated accretionary complex to the east. The PeelManning Fault System is also the locus for noteworthy, early Palaeozoic oceanic
rocks that are the focus of this thesis.
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A dismembered portion of Cambrian oceanic lithosphere, or ophiolite, is located
along the Peel-Manning Fault System (Fig. 4.1). This was initially termed the Great
Serpentinite Belt (Benson, 1913), though we will refer to it as the Weraerai terrane
(Flood and Aitchison 1988) within this thesis. These ophiolitic rocks are the oldest
within eastern Australia, with the closest Cambrian rocks ~ 1000 km to the west
within the Delamerian Orogen (Crawford et al., 1997). Adjacent to it are portions of
an Ordovician to Devonian accretionary complex, consisting of ribbon-bedded
chert, known as the Djungati terrane (Aitchison, 1990). The Siluro-Devonian island
arc Gamilaroi terrane (Flood and Aitchison, 1988) is also situated east of the PeelManning Fault System and is comprised of voluminous siliceous lavas, rare felsic
trondjhemites and limestone (Stratford and Aitchison, 1997).
The Peel-Manning Fault System divides the southern New England Orogen into
east and west portions. The western portion consists of Carboniferous forearc basin
sequences, known as the Tamworth Group (Leitch 1975). This forearc was
deposited on a continental basement (Phillips et al., 2016) and sediments young
toward the west, into an east facing forarc basin (Roberts and Engel, 1987; Phillips
et al., 2016). On the eastern side is its respective accretionary complex, the
Carboniferous Anaiwan terrane (Flood and Aitchison, 1988) or Tablelands
Complex (Caprarelli and Leitch, 1998; Roberts and Engel, 1987). Ribbon-bedded
tuffaceous chert, tuffaceous siltstones, minor basalt and volcaniclastic sandstones,
with the latter being the most widespread lithology (Aitchison and Flood, 1990).
The northern portion of the Peel-Manning Fault System, known as the Peel Fault
(Phillips et al., 2016), is comprised of an easterly dipping fault, which is truncated
by a west-dipping master fault at roughly 1 km depth. This fault has no surface
expression (Korsch et al., 1997). South of Barry (Fig. 4.1), the Manning Fault
system is comprised of numerous fault blocks consisting of the Weraerai terrane,
the Manning Group, the Anaiwan terrane and the lithic sandstone rocks of the
Tamworth Belt. Isolated blocks within the latter include the Rouchel, Gresford,
Myall and Hastings blocks. These fault blocks underwent translation along the
continental margin prior to the Permo-Triassic Hunter Bowen Orogeny (Cawood
and Leitch, 1985; Collins 1991; Roberts and Geeve, 1999; Phillips et al., 2016).
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Only a relatively small portion of the southern New England Orogen is
comprised of early-mid Palaeozoic oceanic terranes, the rest is associated with the
Carboniferous convergent margin which evolved following their accretion. During
the Late Devonian-mid Carboniferous (380-325 Ma) the eastern edge of Gondwana
resembled an Andean-style volcanic arc, often referred to as the Baldwin Volcanic
arc (Scheibner and Basden 1996; Glen 2005) or Currabubula-Connors-Auburn
continental arc (Buckman et al., 2015). The volcanic arc was established by the
Late Devonian (Leitch 1975; Murray et al., 1987). The Tamworth Belt forearc
rocks are characterised by detrital zircons of Gondwanide affinity (Cross et al.,
1987; Flood and Aitchison 1992). The western portion of the Tamworth Belt is
dominated by ignimbrites and large blocks of andesite (Roberts et al., 2003). The
location of the Currabubula-Connors-Auburn continental arc is now concealed by
the younger Sydney-Gunnedah Basin with its most eastern portion experiencing
over thrusting along the Hunter-Mooki Fault system during the Late Permian
(Hunter-Bowen Orogeny) (Leitch 1974; Caprarelli and Leitch 1998).
The Late Devonian-Middle Carboniferous volcanism from the CurrabubulaConnors-Auburn continental arc was followed by a hiatus in arc activity across
eastern Gondwana (Leitch 1975). Following this period in the Early Permian, the
arc underwent relocation to the east, within the accretionary wedge complex
(Anaiwan terrane). The western portion of the southern New England Orogen,
became dominated by the foreland (backarc) Sydney-Gunnedah Basin (Collins
1991).
During this period, the deposition of sediment within the Tamworth Group and
the Anaiwan terrane accretionary complex ceased. The extensional stress-regime
within the early Permian for eastern Gondwana is also demonstrated by the
intrusion of the Bathurst Batholith into the Lachlan Orogen (Jenkins et al., 2002).
The Bathurst Batholith was emplaced along a curvilinear belt ~ 150 km east from
the main Currabubula-Connors-Auburn Arc. Geochemical studies of the high
potassium Bathurst Batholith and the Carboniferous M-type gabbroic Ben Bullen
Plutons indicate a mixing of arc and back-arc melts (Knutson and Flood 1988;
Jenkins et al., 2002). Emplacement of the peraluminous, S-type Bundarra and
Hillgrove Plutonic Supersuites of the southern New England Orogen occurred in
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the Early Permian. These early S-type plutonic suites are the first stages of
plutonism for the New England Batholith, a ~ 15 000 km2 intrusive complex.
The batholith was emplaced from the Permian to the Cretaceous (Shaw and
Flood 1981) and will be discussed in more depth later in the chapter. Whole rock
Rb–Sr ages of 286 ± 13 Ma for the Bundarra Plutonic Supersuite and 289 ± 25 Ma
for the Hillgrove Plutonic Supersuite represent cooling ages (Shaw and Flood 1981)
These granites formed a non-volcanic arc, which during the slowdown, and
arresting of subduction, contributed to an increase of the geothermal gradient within
of the accretionary wedge. Biotite Rb–Sr geochronology carried out by Dirks et al.
(1992) indicate post pluton deformation events at 264 ± 2.6 Ma and 262 ± 2.6 Ma
within the Tia Granodiorite, part of the Hillgrove Plutonic Supersuite (290 ± 4 Ma).
These later deformation events, following the supersuite’s intrusion into the
accretionary complex, are thought to represent the east-west compressional HunterBowen Orogeny (Collins 1991).
The Hunter-Bowen Orogeny is interpreted by Collins (1991) to have formed by
the coupling of the Pacific and Gondwana plates, as the margin changed from
orthogonal to oblique convergence. This event has been placed at 270-265 Ma, and
is believed to be responsible for the gap in volcanism between 280 and 250 Ma.
Attempting to reconcile kinematics of faults which host broad areas of
serpentinite mélange are notorious for their structural complexity. Though the PeelManning Fault System is a major crustal suture within the east coast of Australia,
early attempts to describe its nature often led to conflicting theories (i.e. sinstral vs.
dextral) depending on where one took data from along the fault system. Corbett
(1976) describes a fault-bounded bifurcation of serpentinite into the Anawian
terrane at Woodsreef, west of Barraba. Corbett (1976) suggests that movement
along the Peel Fault was no more then 10’s of kilometres with a sinistral sense of
movement.
Paleomagnetic data by Cawood et al. (2011) suggest that both of the oroclines
(which they describe as a single doubly vergent orocline) within the southern New
England Orogen could have formed via the northward translation of a southern
segment as is northern portion is restrained by the Gondwanide margin. In regards
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to the proposed northern orocline, the Tamworth Group and Anaiwan terrane
underwent a clock-wise rotation, as steeply dipping thrust slices were pushed west
in between the northern and south oroclines (Korsch and Harrington 1987). During
the Late Permian-Triassic orthogonal subduction recommenced, outboard from the
current coastline (Cawood 1984; Bryant et al., 1997). The emplacement of
metaluminous I-type plutonic supersuites into the Anawian terrane was extensive
from the Middle to Late Permian (Phillips et al., 2011)
I-type granites are restricted to a north-northeast trending belt, 300 x 60 km,
from Tamworth through to Warwick, Queensland (Fig. 4.1); (Shaw and Flood
1981). The event was coeval with the Hunter-Bowen Orogeny (Caprarelli and
Leitch 1998; Jenkins et al., 2002). The Hunter-Bowen Orogeny includes all Late
Permian deformation structures within the southern New England Orogen, and
occurred between 256-250 Ma (Collins 1991) or until the later in the Triassic (235
Ma; Li et al., 2012b).
As previously stated, the Hunter-Bowen Orogeny could have been the simple
end product of subduction coupling (Collins 1991). An alternative theory, involves
the accretion of the Gympie oceanic island arc onto the Gondwanide margin at
about the Permo-Triassic boundary (Jenkins et al., 2002; Aitchison and Buckman,
2012; Buckman et al., 2015).
Nutman et al. (2013) suggest that the Hunter-Bowen Orogeny was the result of a
collision event, namely the proposed docking of the Gympie terrane, now located in
southeast Queensland (Sivell and Waterhouse 1998). Opening of the Tasman Sea
occurred in the Late Cretaceous to Early Cenozoic (80-60 Ma; Hayes and Ringis
1973; Korsch et al., 2009). Significant portions of the Lachlan Orogen in southern
NSW and the New England Orogen were rifted off the Australian continent
(Harrington 2008; Li et al., 2012b). These rifted portions of crust now represented
Zealandia, a submerged microcontinent of which only ~ 10 % is located above
water (McCoy-West et al., 2013).
2.1.3.1 The Weraerai terrane
The Weraerai terrane consists of predominantly cumulate gabbro and dolerites,
with rare felsic inclusions (plagiogranites), basalts and high-grade metamorphic
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blocks. All of these are contained within a highly schistose serpentinite mélange
which is derived from a depleted harzburgite protolith (Aitchison and Ireland,
1995). The Weraerai terrane does not represent the complete section of a traditional
Penrose Ophiolite Sequence. For example, pillow lavas and the coeval pelagic
sediments are conspicuously rare to absent in the Weraerai terrane. Sheeted dykes,
that form the mid-layer of the oceanic crust are also absent. Only the lower
cumulate gabbro sequence is present in abundance as rotated blocks within the
serpentinite mélange.
Geochemically, the gabbro from the Weraerai terrane is characterised by high
Ti/V ratios (Manton et al., 2017a, b). These features are characteristic high degrees
of partial melting during decompression (Shervais 1982). Arc-like geochemical
signatures are demonstrated by the depletion of Nb, Ti and enrichment of light rare
earth elements relatively to their heavier counterparts. Combining these two facets,
it is likely the Weraerai terrane represents crust formed in a supra-subduction zone
near the forearc (Aitchison and Ireland, 1995; Sano et al., 2004; Yang and
Seccombe, 1997).
Samples of both gabbro and plagiogranite veins from the Werareai terrane were
collected at Barry. Geochronological data had not yet been collected for this
location. One of the enduring hypotheses surrounding the Weraerai terrane, is that it
is the same collection of rocks along its entire length. Barry is located on the PeelManning Fault System, where the northern, mostly N-S orientated Peel Fault
transcends into the more complex southern Manning System. U–Pb zircon ages
agree with samples obtained from the northern portion of the fault system, with
503.2 ± 5.7 Ma for the gabbro cumulates and 503.2 ± 5.7 for the plagiogranite netvein complexes.
2.1.3.2 The Gamilaroi terrane
Between the western forearc sequences of the Tamworth Belt and the Anaiwan
terrane, lies the Siluro-Devonian Gamilaroi terrane, which consists for rocks typical
of an island arc (Stratford and Aitchison, 1997). At the base of the island arc are
intrusives of trondhjemitic composition. These are overlain by volcaniclastic
sedimentary rocks, mafic lava flows and limestone (Stratford and Aitchison, 1996,
1997). The top volcanic pile is constrained by a regional unconformity. It is
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believed this unconformity reflects island arc accretion and uplift. Continental
forearc sequences (Tamworth Belt) were deposited following this accretion event in
the Latest Devonian (Aitchison and Flood 1994). Limited geochronological data is
available from the terrane. Rare U–Pb zircon ages of 436-411 Ma are presented by
Aitchison and Ireland (1995); Kimbrough et al. (1993) for the basal trondhjemites
within the Gamilaroi terrane. Further U–Pb zircon ages of 413 ± 8.7 Ma are
presented in this thesis.
Higher in the volcanic pile, Early Devonian limestones has been described by
Buckman (1993). Pillow lava basalts and small amounts of dolerite, with tholeiitic
geochemical affinity (Stratford and Aitchison 1997), are intercalated with
volcanoclastic sedimentary rocks, 3000-4000 m in thickness. These rocks are
typically associated with intra-oceanic island arcs (fine-grained and course-grained
volcanoclastic sediments, interbedded tuffs, basaltic breccia etc.; Stratford and
Aitchison 1997). The Gamilaroi terrane is characterised by intrusion of late-stage
dolerite dykes within the upper stratigraphy. These dolerite dyke swarms have NMORB to BAB like geochemical characteristics and have U–Pb zircon ages of 383
to 386 Ma (Offler and Huang 2018). Stratford and Aitchison (1996) propose rifting
occurred at a late stage in the island arc. These dykes are present in outcrop
between Barry and Glenrock (Fig. 4.1). The Calliope island arc in Queensland is
thought to represent the northern extension of the Gamilaroi terrane (Glen 2013).
This model of outboard subduction and allochthonous island arc accretion was
further refined by Buckman et al. (2015) who provided a framework of multiple
subduction zones to explain the coeval Siluro-Devonian evolution of the continental
margin of the Lachlan Orogen with the development of the allochthonous island arc
rocks of the Gamilaroi terrane which collides and accretes with eastern Gondwana
during the latest Devonian to initiated the development of the New England Orogen
(Fig. 2.3).
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Figure 2.3: Buckman et al. (2015). A schematic tectonic reconstruction of the
eastern margin of Gondwana from the Cambrian to the Triassic highlighting the
episodic nature of island arc collision events.

2.1.3.3 Metamorphic exotic rocks
Exotic blocks of eclogite and blueschist are found along the Peel-Manning Fault
System (Shaw and Flood, 1974; Allan and Leitch, 1992; Fukui et al., 1995; Offler,
1999; Watanabe et al., 1999; Och et al., 2003; Och et al., 2007a, b; Fukui et al.,
2012 Nutman et al., 2013; Phillips et al., 2015; Manton et al., 2017a). The only
other localities within Australia with high-pressure metamorphism rocks are from
the Governor Fault Zone, eastern Victoria (Late Ordovician; Spaggiari et al.,
2002a); the North D'Aguilar block, Queensland (Late Carboniferious-early
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Permian; Little et al., 1995); the Forth and Franklin Complexes of Tasmania (514504 Ma; Black et al., 1997; Fergusson et al., 2013) and in the Meso-Neoproterozoic
Musgrave Block, central Australia (Camacho et al., 1997). Outcrop of the
metamorphic rocks along the Peel-Manning Fault System are no larger than a few
metres squared. From north to south along the Peel-Manning Fault System, these
occurrences are; the Attunga eclogite (Shaw and Flood, 1974; Watanabe et al.,
1999; Phillips et al., 2015; Manton et al., 2017a); Gleneden eclogite (Allan and
Leitch, 1992); Glenrock and Pigna Barney blueschist blocks (Fukui et al., 1995;
Och et al., 2003) and the Port Macquarie blueschist/eclogite at Rocky Beach (Och
et al., 2003; Och et al., 2007, Nutman et al., 2013). All have experienced varying
degrees of retrogression making interpretation of peak metamorphic conditions
difficult.
Varying geochronological methods have been adopted in order to constrain
protolith age and timing of high-pressure metamorphism for all of these
occurrences. This includes U–Pb zircon work carried out on the Attunga eclogite by
Watanabe et al. (1999) indicating protolith formation and eclogite facies
metamorphism may have occurred as early as the late Neoproterozoic. However
this was reported in abstract form only, with limited data. Recently Phillips et al.
(2015) and data presented in this thesis (Manton et al., 2017a) identified two
separate U–Pb zircon ages at ~ 530 and ~ 490 Ma. Phillips et al. (2015) suggest this
represents two periods of eclogite metamorphism. However data presented in this
project demonstrates the ~ 530 Ma age represents formation for the mafic ophiolite
protolith, and the latter (~ 480 Ma) occurred during zircon recrystallisation under
eclogite facies metamorphism. Rare earth element partition coefficients between
zircon and garnet demonstrate zircon recrystallisation occurred coeval with garnet
(see section 4.3.6).
2.1.3.4 Early Permian Sedimentation and Volcanism
As noted previously, the southern New England Orogen underwent a major
reconfiguration in the late Carboniferous to the Early Permian with extinction of the
Currabubula-Connors-Auburn continental arc to west of the Carboniferous
accretionary complex. The final pulse of volcanism from the arc is represented by
the Boggabri volcanics (~ 300-269 Ma; Brownlow and Arculus 1999). An increase
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in the geothermal gradient within the Anaiwan terrane is clearly observable with the
voluminous production of sedimentary-derived, or S-type granites from the melting
of the accretionary complex (Flood and Shaw 1977; Shaw and Flood 1981; Hensel
et al., 1985; Phillips et al., 2011). These are the previously mentioned Hillgrove (~
300 Ma); (Collins et al., 1993; Kent 1994) and Bundarra (~ 280 Ma); (Shaw and
Flood, 1982) plutonic supersuites. The biotite granites and granodiorites (± garnet,
hornblende) of the Hillgrove Plutonic Supersuites is comprised of a series of
isolated plutons, some of which underwent intense deformation at ~ 260 Ma as
recorded by Rb–Sr geochronology of biotites (Landenberger et al., 1995). Strongly
peraluminous plutons emplaced into the slightly younger Bundarra Plutonic
Supersuite, are largely homogenous and free from deformation (Rosenbaum et al.,
2012). Recently, McKibbin et al. (2017) obtained zircons from the Bakers Creek
gabbroic Suite (~ 305 Ma), which forms part of the Hillgrove Plutonic Supersuite.
The Bakers Creek gabbroic Suite it is characterised by a forearc mantle
geochemical signature, contributing to the theory of slap rollback in the Early
Permian.
Sub-aerial volcanism is conspicuously rare during this late Carboniferous – early
Permian transitional period. Final movement on the Peel-Manning Fault System
occurred during this period, although the fault over its length, did not provide a
suitable route for deeply seated magma to reach the surface. Notable occurrences of
Carboniferous–Permian volcanics from west to east include the Boggabri volcanics
(~ 300-269 Ma; McPhie 1984; Korsch et al., 2009; Brownlow 1999; Brownlow and
Arculus 1999), the Werrie Basalt (266.4 ± 3.0 Ma; Li et al., 2014); Alum Mountain
Volcanics (274.1 ± 3.4 Ma; Roberts et al., 1995b and 271.8 ± 1.8 Ma; Li et al.,
2014) and the I-type Halls Peak volcanics (295.7 ± 2.2 Ma; McKibbin et al., 2017).
The Werrie Basalt originate from a depleted asthenosphere, with Li et al. (2014)
suggesting it formed from the breaking off of the subduction Panthalassan oceanic
slab. Phillips et al. (2011) imply both the Werrie Basalt and Alum Mountain
Volcanics are mantle-derived silica rich residues from the decompression of the
underlying mantle wedge.
Elongate, fault-bound basins are common within the southern New England
Orogen. These small, detached basins, are regionally described as the Manning
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Group (Mayer 1972) or the Barnard Beds (Heugh 1971; Allan 1987; Allan and
Leitch 1990) or the Barnard Basin (Leitch 1988). They are distinctly different in
their morphology and metamorphic history from the coeval back-arc Sydney,
Glouster and Gunandah basins. The Manning Group is estimated to be up to 10 km
in thickness (Mayer 1972) and generally fault bounded with steeply dipping beds
(White et al. 2016). The Manning Group is uniquely characterised by very coarse
diamictitic and conglomeratic mass debris deposits (Jenkins et al., 1992; Vickers et
al., 1993).
The timing of deposition for these sedimentary rocks is important. Buckman
(1993) reported synkinematic sedimentary structures within the Manning Group on
the Peel-Manning Fault System at Barry and serpentinite clasts are reported within
the basal units of the Group indicating the serpentinite melange had been emplaced
prior to sedimentation in the Manning Group (Cross et al., 1987; Buckman, 1993).
The latter shows that serpentinite was at current crustal, by the Early Permian, and
was under going subsequent erosion. Movement along the fault system resulted in
the final emplacement of the Attunga eclogite and Weraerai/Gamilaroi terranes at
Barry. The depositional age of the Manning Group was initially based on Early
Permian fauna (Mayer 1972; Price 1973; Allan 1987). Recent detrital zircon ages of
~ 288 Ma by White et al. (2016) constrain the maximum dispositional age for one
of the more southern basins with volcanic rocks from the base of the Manning
Group being reported at 293-291 Ma (Roberts et al., 1996) and 292.6 ± 2.0 Ma
(Cawood et al., 2011). There is an apparent disconnect however, between these
basins and the volcanism with little to no volcanic lavas being described within the
Manning Group, except for the small basin at Echo Hills, which is investigated in
this study. Vickers and Aitchison (1993) suggested the basins exhibit a change in
their source area as they began to fill, rather than being sourced from the
progressive erosion of proximal terranes. An example of this is the Manning Group
locality a Kangaroo Tops (31°34'45.30"S, 151°54'47.16"E). The base of the Wards
Creek Beds are host to Devonian chert clasts, whereas the overlying Giro
Diamictite is host to granitic clasts of probable Early Permian age. Pelitic rocks
from the adjacent Anaiwan terrane are not found within the lower portions of the
Manning Group.
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Three aspects of the southern New England Orogen are addressed in this thesis
via their respective chapters and subsequent published manuscripts. They are i) The
Cambrian Ophiolitic rocks of the Weraerai terrane; ii) the Silurian-Devonian
Gamilaroi terrane and iii) the Early Permian Manning Group.
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Chapter 3: Zircon U–Pb Geochronology Methodology
3.1.1 Zircon and geochronology
The ability to calculate the absolute age for a rock was a great advancement in
the geosciences. Absolute ages are based on radioactive isotopic systems, as
opposed to relative ages (i.e. stratigraphic age). The former is based on the
incorporation of a radiogenic “mother” isotope into a crystal or whole rock at the
time of its formation. With time, this isotope decays to its respective “daughter”
counterpart. Measuring the ratio between the two and knowing the decay rate of the
“mother”, is the first order explanation of radioisotope geochronology. The U–Pb
zircon geochronometer is particularly useful due to the physical robustness of the
mineral zircon. The long half-lives of the U and Th radiogenic nuclides relative to
the age of the Earth, contained in zircon, make the crystal useful for geochronology
in all but the youngest part of geological history (e.g., Jaffey et al., 1971; Cheng et
al., 2000). The isotope decay systems involved are 238U - 206Pb, 235U - 207Pb and
232

Th - 208Pb. Zircon (zirconium silicate, ZrSiO4) incorporates uranium but not lead

into the crystal lattice when it forms (e.g., Compston et al., 1984). This means that
in new zircon, the “atomic-clock” is set to zero, as no lead daughter products are
present in the crystal at the time of formation. Using zircon, the application of the
U–Pb isotopic system to geochronology has led to the precise bounding of all
geological periods from the Hadean (e.g., Holden et al., 2009) through to the
Pleistocene (Ito et al., 2013). The former time period is represented by the oldest
detrital zircons of the Jack Hills conglomerate, Western Australia, at up to ~ 4.2 Ga
(e.g., Compston and Pidgeon 1986; Wilde et al., 2011). Early events on Moon (e.g.,
Compston et al., 1984) and Martian events from meteorite NWA7034 (Bouvier et
al., 2018) have also been determined using U–Pb zircon dating method.
Holmes (1911), entitled “The association of lead with uranium in rockminerals and its application to the measurement of geological time” is
considered to be the first publication on the potential for radiometric
geochronology. However, the association between the U–Pb isotopic system and
the zircon mineral was not highlighted until Larsen et al. (1952). The paradox
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with zircon geochronology in the mid-last century, was simply due to the minute
size of the crystals. They contained insufficient uranium and lead to be analysed
with the rudimentary instruments and fledgling analytical techniques at that time.
Subsequently, analytical protocols and instruments were developed with
acceptable sensitivity and accuracy in the years following (see Andersen and
Hinthorne 1972).
Quantitative mass spectrometry was developed prior to World War II (Nier,
1938), which heralded the era of radiogenic isotope geochronology. These early
mass spectrometric instruments required contents of lead on the order of tens of
milligrams. In all but the rare cases, this was unviable due to the quantity of rock
sample needed. Larson et al. (1952) instead measured the alpha particles emitted
from the zircons using alpha counters. However, large errors (± 10%) were
unavoidable and propagated into the final ages. Following this, TIMS (Thermal
Ionization Mass Spectrometry) originated. This involved the dissolution of
whole rock samples in progressively stronger acids, with the resultant aliquot
being analysed. Lead and uranium isotope ratios are thus directly measured.
Subsequently, ID–TIMS, isotope dilution “spiking” was adopted, with the
addition of a known amount of a synthetic isotopic species, such as 205Pb. This
permitted the most accurate determination of isotopic ratios and elemental
abundances. A “spike” solution with known 208Pb, 235U isotope and 205Pb
contents was added to the dissolved zircon sample (Krogh 1973). The spike can
be subtracted from the acquired analytical measurements, as the ratios between
the isotopes are known.
In a closed system, where no lead is lost from the zircons since they formed,
the 238U - 206Pb, 235U-207Pb and 232Th - 208Pb systems all give the same age, and
the zircon age is said to be concordant. Zircons which have suffered disturbance
after they formed, normally lose radiogenic lead, meaning that the 238U - 206Pb,
235

U - 207Pb and 232Th - 208Pb mother-daughter ratios do not give the same age.

This happens because 238U, 285U and 232Th all have different half-lives (see
review by Cheng et al., 2000) and thus the zircon is said to be discordant
following the disturbance event.
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Various methods have been employed to remove or avoid damaged zircons,
which are likely to give discordant U–Pb ages. The first and universally
employed method is to only use the least magnetic fraction of the zircon
separate, by employing a Franz isodynamic separator. Krough then introduced
mechanical abrasion, in order to remove the outer skin of zircons, which could
be highest – U, or could be a younger overgrowth. (i.e. outer metamorphic rims).
This was found to improve the concordance in some samples (Krogh 1982).
Another variation of the abrasion approach is done by chemical treatment, by
leaching the zircon separate with hydrofluoric (HF) acid (Mattinson 2005). The
zircon U–Pb chemical abrasion (“CA–TIMS”) method as outlined by Mattinson
(2005) is extremely sensitive in detecting inheritance, as the process can be
carried out in a step-by-step fashion, with the gradual removal and the
subsequent analysis of outer zircon domains. CA–TIMS is commonly applied to
single zircon grains, a step towards negating intra-population inheritance. These
pre-analysis zircon preparations may produce highly precise ages, though the
accuracy is compromised if two or more distinct U–Pb age populations are
apparent in rock sample.
Zircon inheritance and discordance are major issues associated with bulk
zircon or even single zircon ID–TIMS dating methods. Zircon inheritance occurs
when there is more that one apparent population among the zircon ages. When
one uses the term “inheritance” in igneous rocks one is referring to an older premagmatic age population. These older zircons either represent the physical
incorporation of older country rocks grains into the melt (e.g. granites with a
sedimentary source material, where sedimentary detrital zircon grains were not
entirely dissolved in the new melt; e.g., Villaros et al. 2012). An extreme
example of this is Cambro-Ordovician calc-alkaline to peraluminous
metagranites from the Variscan basement of the Central Iberian Zone (Bea et al.,
2007). Among the separated zircons, 70-80% contained inherited cores,
unrelated to melt petrogenesis The other mechanism leading to two or more
zircon populations in a single grains is metamorphism. Here, pre-existing
zircons, form cores which are surrounded by newly grown, or re-crystallised rim
of the zircon (e.g., Kröner et al., 1978; Rubatto 2002). These inherited zircon
cores can be distinguished based on back-scattered electron or
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cathodoluminescence imaging (e.g., Hanchar and Miller 1993; Hanchar and
Rudnick 1995) prior to analysis.
Discordancy is clearly observed by plotting data on a Tera-Wasserburg or
Wetherill Concordia diagram. On these plots, concordant (agreeing) ages form a
curved line known as “concordia”. This curve arises because of the shorter halflife of 235U compared with 238U. Discordancy occurs most commonly from the
loss of in situ radiogenic lead. As reviewed by Mezger et al. (1999), this may
occur in four ways: i) diffusion of Pb in metamict zircon; ii) diffusion of Pb in
pristine zircon; iii) leaching of Pb from metamict zircon; and iv) recrystallisation
of metamict zircon. These features have been documented by atomic mapping in
recent years; with the clustering and movement of individual lead atoms
observed (Valley et al., 2014).
All U–Pb zircon data in this thesis is graphically illustrated by TeraWasserburg plots rather than Wetherill plots. The advantage in using the former
is that all the uranium and lead isotopes used on this plot (238U, 206Pb, 207Pb) are
measured directly from SHRIMP (Sensitive High Resolution Ion Microprobe).
The x-axis for the Tera-Wasserburg is 238U/206Pb and the y-axis is 207Pb/206Pb
(Figure 3.1). The Wetherill plot on the other hand requires 235U isotope that is
calculated from the modern 238U/235U ratio and measured 238U. This leads to
potential correlated error embedded in the Wetherill plot.
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Figure 3.1: Comparison of the Wetheril (left) and Tera-Wasserburg (right)
concordia plots. An arbitrary age for zircon crystallisation is represented by the
dark red polygon on the concordia. Numbers on the concordia represent age in Ma.
3.1.2 Disturbance to the U–Pb Isotopic System
Undamaged zircon is known to maintain its original isotopic systematics
during most metamorphism events except ultra high temperature events.
Undamaged zircons need to reach a particular temperature (clousre temperature)
in order to initiate solid-state diffusion through the lattice (e.g., Dodson 1973;
Villa 1998). For zircon, this is > 950-1000°C (Black et al., 1986; Claoué-Long et
al., 1991). Studies have shown this may only be the case with very hot-dry
systems (≥ 900°C) such as granites under granulite facies ultra high temperature
metamorphism (Farquhar et al., 1996).
Fluids enhance the effects of temperature by lowering the temperature needed
to “open” a phase (e.g., zircon) to elemental redistribution. For zircon, this is
normally variable with the partial loss of radiogenic Pb from the crystal lattice.
An extreme example of this is the formation of hydrothermal zircon, and
subsequent resetting of the U–Pb isotopic system in crystals that have
experienced even low-grade metamorphism as greenschist facies (e.g., Gebauer
and Grunenfelder 1976).
Damage known as metamictisation to the zircon crystal lattice occurs when
alpha particles are produced from uranium and thorium. These particles are
ejected from the nucleus of the parent isotope and as projectiles, they travel
through and damage the crystal structure. The loss of radiogenic-Pb from a
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zircon occurs more readily when the crystal lattice is damaged resulting in an
under-estimation for the true age. However, damaged zircon may undergo
recrystallisation with the subsequent resetting of its U–Pb system. This
commonly occurs at ~ 600-650°C (e.g., Mezger et al., 1999). Following this
metamorphic event, “metamorphic” zircon is less likely to undergo
metamictisation, due to the lower resultant uranium content (e.g., in the case
study of Gebauer et al. (1997); > 150 ppm for magmatic zircon and < 10 ppm
metamorphic zircon). This lower uranium content in the metamorphic zircon
occurs because of the lower partition coefficients between zirconium and
uranium. Also, there is less available uranium within the rock during
metamorphism (Mezger et al., 1999). However, more Th than U is commonly
rejected during recrystallisation, resulting in Th/U ratios of metamorphic zircon
commonly being lower than for magmatic zircon (e.g., Kinny, 1986). Therefore,
these lower uranium and thorium zircons, at a given age, will be less metamict.
Metamorphic zircon form from either the crystallisation of new zircon
surrounding older cores (e.g., hydrothermal zircon; Hoskin 2005) or from the
“resetting” of the older zircon (e.g., Black et al., 1986). The latter may exhibit
ghost zoning, where only partial resetting of the heterogeneities within the zircon
occurs.
Because of internal complexity of zircons, even single grain analysis by the
ID-TIMS method can be inaccurate (albeit very precise); with permutations of
igneous zircon ± inherited xenocrysts ± variable loss of radiogenic Pb ±
metamorphic recrystallisation domains. The advent of large ion microprobes and
laser ablation ICP–MS systems revolutionised zircon dating, because ~ 20 µm
individual domains in zircon could be analysed (e.g., Compston et al., 1984;
Kinny 1987; Jackson et al., 2004). This was revolutionary, because difference
domains in individual zircon grains could be dated separately with accuracy.
3.1.3 Zircon geochronology and SHRIMP
All U–Pb zircon data presented in this thesis were acquired using SHRIMP.
All analysis, data reduction and interpretation were by Ryan Manton, under
supervision of Allen Nutman. The SHRIMP is a very large mass analyser built
specifically to facilitate the analysis of U, Pb and Th isotopes in geological
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materials (Clement et al., 1977). The instrument’s shear size (large radii of the
magnetic and energy sectors) means high sensitivity at high mass resolution is
achievable for isotopes with otherwise overlapping isobaric interferences,
particularly on all the Pb peaks 204Pb, 206Pb, 207Pb and 208Pb (Fig. 3.2). The larger
components of the instrument are the electrostatic analyser and the homogenous
magnetic array, these have a turning radius of 1.27 m and 1.0 m respectively,
with the SHRIMP design being the best of a series of theoretical designs from
Matsuda (1974). The large radius of the energy and mass sectors allows for high
mass resolution (r) between individual isotopes permitting with a wider source
slit and thereby maintaining high sensitivity. This SHRIMP design allows for the
direct measurement of all lead species without the need for peak-stripping
algorithms in data processing, as it was previously employed on smaller ion
probes with lower mass-resolution and sensitivity.
Atomic mass unit or “amu” refers to the sum of the protons and neutrons in
the atomic nucleus. It can be thought of as “intensity” of a particular isotope, as
they move through the collection slits onto the ion counter. Visually the ion
distribution takes on a trapezoidal shape, with greatest intensity of the ions at the
centre (Fig 3.2). The mass resolution (R) is the mass of the peak, at the top
centre of the trapezoid divided by the base width of that peak. The higher the Rvalue, then the more pronounced or intense the ion beam is (Ireland, 1995).
Common interferences when attempting to measure the lead isotopic
composition are various REE rare earth elements (REE) and Zr and Hf oxides. In
order to overcome this problem, r-values must exceed 6500 for Pb isotopes
(Ireland, 1995).
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Figure 3.2: Mass spectrum of the QGNG zircon standard around the 208Pb+ peak. In
this case, there is no isobaric interference between Pb and Hf oxides when r-values
(resolution) are at ~ 5800 (Sano et al., 2000).
In SHRIMP, samples are presented in polished, 1 inch discs, with SHRIMP II
instruments being capable of holding simultaneously 3 samples in the interlock,
and 2 in the source chamber. In the polished epoxy discs individual zircons are
arranged in rows via hand-picking and hand-placement, with zircon standards for
calibration scattered around the disc. Analysis of minerals in situ (i.e. within
polished thin sections) is also possible (e.g., Nutman and Friend, 2007). The
primary ion source is produced by a duoplasmtron; a 400 V arc between a Ni
cathode and an anode plate. Pure oxygen is bled into the vacuum system at a low
pressure. A slit cut in the anode plate allows ions to exit, and the beam is then
demagnified through the primary column to 20-30 µm in width. Negatively
charged O2- ions (~ 10 KeV), have been found to be the most effective ions to
“sputter” material from the polished zircon samples. The primary O-2 ions meets
the sample surface at 45°, leaving the characteristic SHRIMP “oval-spot”. As the
high-energy oxygen ions impact the sample surface, they ablate the top few atom
layers of the samples, ejecting a complex mixture of atoms and molecular
fragments. By the end of analysis (10-15 min) a crater up to a depth of ≤ 5 µm is
created. The exact mechanics of how material is ejected from the surface of the
sample is still poorly understood (Ireland. 1995). Only ~ 0.01 % of the
“sputtered” material is ionised. These positively-charged ions are extracted
through a 3 mm wide aperture, due to an 11 keV accelerating potential. The
secondary ions from the sample are passed through the doubling focusing mass
analyser, where an image of the beam allows for adjustments to the focusing
prior to the ion counters.
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The positively-charged ions first move through the cylindrical 85°
electrostatic analyser (ESA) (Fig. 3.3). Upon exit from the ESA, they pass
through a quadrupole electrostatic lens, which serves to cancel any instability
caused by the nearby magnetic field. The 72.5° magnet sector is has a radius of
1.0 m, with the ion stream entraining at 15° to the field. Mass-dispersion occurs
at the focal point, which is field-dependent within the magnet. The ion peaks are
delivered on the order of millimeters following their exit from the magnet. In
order to separate Pb ions to the detector, the field strength of the magnet must be
roughly 200 gauss. The magnet exit is mounted on a motor driven cradle, which
is driven along the axis of the beam to maintain optimal focal points for the
separate masses. Ions in this study were measured in single collector mode –
using an electron multiplier and a counting system with a dead time of 20 ns

Figure 3.3: Schematic diagram of the ANU SHRIMP II (Holden et al., 2009).
A problem that may occur is the introduction of “common lead” into the
zircon, either naturally into damaged, metamict grains or during sample
preparation. The presence of common (c) lead, 206Pbc, 207Pbc and 208Pbc if
unaccounted for, will give erroneous ages (e.g., Krogh, 1973). 204Pb in not
radiogenic, and thus is treated as entirely common, as it is not sourced from
uranium or thorium throughout Earth’s history. Based on the presence of 204Pb,
and using a lead isotopic composition evolution model for Earth’s histories (e.g.,
Stacey and Kramers, 1975) the amount of common 206Pbc, 207Pbc and 208Pbc can
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then be estimated. The other method for correcting for common lead is the 207Pbcorrection method (Compston et al., 1984). Here, one must assume the unknown
zircons are concordant. This method is most widely used on young
(Phanerozoic) zircons where analyses lie close to concordia prior to correction
for common Pb. All methods of correction for common Pb have their catches. In
the case for 204 correction method, if the few mass 204 ions arriving at the ion
counter include a few non-204Pb isobaric interference ions, then overcorrection
will occur and the calculated radiogenic 238U/206Pb will be slightly too low,
giving a slightly younger age.
In the case of this thesis, intra-target common Pb seems negligible, with
counts of 204Pb detected from the start of analysis. In which case the common Pb
is likely to be surface environment contamination. Therefore the ratios are
calculated from Broken Hill lead – which is the environmental pollutant Pb
throughout Australia:
204

Pb/206Pb = 0.0625

207

Pb/206Pb = 0.9618

208

Pb/206Pb = 2.2285
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In most U–Pb zircon work, a single ion counter is used for data acquisition by
peak hopping in single collector mode (e.g., Holden et al., 2009). Each isotope of
interest has a particular dwell time depending on the relative count rate. The
protocol of isotopes measured and their respective dwell times during typical
analysis in the work presented in this thesis are:
90

Zr216O+: 2 sec

204

Pb: 10 sec

206

Pb: 15 sec

207

Pb: 30 sec

208

Pb: 10 sec

238

232

U+: 7 sec

Th16O+: 2 sec

238

U16O+: 2 sec

Each single analysis consists of cycling through these peaks 5 or 6 times. Six
is the most commonly used for igneous zircons (such as this study). For detrital
zircon studies, where more analyses are required to capture the provenance, 5 or
even 4 cycles are employed.
A routine pre-analysis raster (sputter) of the site with the ion beam is
conducted, for 2-2.5 minutes to remove surficial contamination. The data
reduction program used in this thesis was done by PRAWN software; an inhouse ANU (Australian National University) application for MAC OS9
environment. Over the course of an isotope analysis, the signal does not remain
constant. During the usual zircon analysis ThO+ and UO+ will remain relatively
constant, however, U+ and Zr2O+ will rise and the Pb+ signal will fall. PRAWN
applies a linear fit (curve) to the isotope measurements from the mid-point in
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time during analysis. If the data for scores of a series scatter beyond that
expected from counting statistics alone (√n: where n is the number of ions
counted), then error is augmented in quadrature to reflect this variability. In most
of the data presented in this thesis the scatter during analysis was generally low
and within that expected from counting statistics.
For an intra-element ion ratios (e.g. 207Pb+/206Pb+) instrumental fractionation
is negligible, and as determined by the ion counter they can be tabulated at face
value. However for inter-element ion ratios (e.g. 238U+/206Pb) those raw ratios
measured by SHRMP are inaccurate. This is because Pb and U behave
differently in sputtering, i.e. different proportions of Pb+, U+ and PbO+, UO+ etc.
are produced. This means that the true Pb/U ratios need to be established using
analysis of a zircon of known 206Pb/238U ratio. In this thesis the U–Pb calibration
standard is Temora 2 (Black et al., 2003), with a 206Pb/238U age equivalent to 417
Ma. Variation in this apparent age for Temora 2 in an analytical run is added in
quadrature to the calibration data. Calibration of U–Pb data and the calculation
of final ages and their uncertainties was undertaken by LEAD; an in-house ANU
application for MAC OS9 environment.
As mentioned above, known standards are spread randomly around the
sample mount, to detect differences in instrumental-Pb fractionation over the 1
inch disc. Zircons from this rock are simply referred to as “Temora”, and used as
the zircon standard by Geoscience Australia and many other “SHRIMP” groups
worldwide. Numerous other laboratory studies indicate that the 206Pb/238U ratio
is very consistent – the prime requirement of the zircon U/Pb calibration
standard (Black et al., 2003).
3.1.4 Lu–Hf Zircon
In contrast to the chronologic U–Pb isotopic system in zircon, Lu–Hf isotopic
ratios in zircon is used as a “tracer” isotopic system, as it records the setting and
history of the rocks in which the zircon crystallised rather than the age of the
zircon (Patchett 1983). Radiogenic 176Lu decays to 176Hf via β-particle decay,
with a half-life of ~3.7 Ga (Sato et al., 1983). This is based on the decay constant
of 1.875 x 10-11 yr-1 λ (Scherer et al., 2001) that has been revisited by Kinny and
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Maas (2003). Hafnium is preferentially hosted in zircon relative to other
surrounding silicate minerals due to the similar ionic radii, Hf = 85 vs. Zr = 86
picometers. This results in Hf forming an integral part of the crystal lattice in
zircon as a hafnon solid solution component at a typical 1% to 2% level (Ahrens
and Erlank 1969). Information from the Lu–Hf zircon ratios can be used to
decipher the history of the melt from which the zircons crystallised (e.g.,
Hofmann, 1988; Amelin et al., 1999; Harrison et al., 2005; Belousova et al.,
2010). This includes information whether the melt responsible for the formation
of the zircon formed from the melting of older continental crust (e.g., Condie et
al., 2011) or from depleted mantle, in an oceanic realm (e.g., Vervoort and
Blichert-Toft 1999). This information is invaluable when one is looking at
multiple exotic terranes within a single orogen.
The acquisition of Lu–Hf isotopic is largely by in situ analysis within zircons.
Whole rock methods involving dissolution and then the isotope dilution thermal
ionisation mass spectrometry (ID–TIMS) is a much more specialised approach,
mostly reserved for zircon-free rocks such as basalts, gabbros, ultramafic rocks
and meteorites (Blichert-Toft and Albarède 1997; Nowell et al., 1998; BlichertToft et al., 1999).
When incompatible elements, such as Hf and Zr, are extracted from the
mantle, a higher relative portion of radiogenic 176Lu remains within the mantle.
(Saunders et al., 1988; Salters et al., 2004). The mantle is described as
“depleted” following this bulk earth fractionation event, which some propose
occurred in the early Hadean (Figure. 3.4; Vervoort & Blichert-Toft 1999;
Griffin et al., 2000). However, accumulating evidence suggests that the upper
mantle became fractionated from chondrites with respect to Lu/Hf between 3.6
Ga and 3.0 Ga. This signifies a transition period prior to which there was Lu–Hf
isotopic congruence between the mantle and the early juvenile crust (Bennett and
Nutman 2018). 176Lu decays to radiogenic 176Hf both of which remain in high
proportions in the mantle. Non-radiogenic 177Hf is concentrated into
incompatible zircon and along with other incompatible elements are favourably
concentrated in the continental crust.
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To determine the degree of fractionation a sample has experienced, the initial
176

Lu/177Hf and 176Hf/177Hf ratios prior to this bulk earth fractionation event must

be known. These ratios may be modelled from chondrites or stony non-metallic
meteorites that are found on Earth. Chondrites represent the CHUR or
Chondritic Uniform Reservoir, the un-fractionated bulk earth composition
(Iizuka et al., 2015). The 176Lu/177Hf and 176Hf/177Hf ratios for CHUR are 0.336
± 1 and 0.282785 ± 11 respectively (Bouvier et al., 2008). A comparison of
measured data to CHUR value is made based on the calculated epsilon units (ε),
which is based on the following calculation:
εHf = [ (176Hf/177Hf)t / (176Hf/177Hf)chondrites – 1 ] × 104

Figure 3.4: Diagram from Kinny and Maas, (2003) and adapted after Patchett et al.
(1981). Crustal generation at “t1” after removal from the unfractionated Earth’s
mantle. Following this the residual mantle has a higher resultant Lu/Hf ratio, and
the new crust a lower Lu/Hf ratio. “t2” represents the mixing between evolved crust
and the residual mantle. Hybrid Lu/Hf ratios are found in predominantly continental
arc settings. Where “t” is equal any time since the initial melt was extracted from
the depleted mantle. For “εHf” values at the time of zircon formation, “t” = U–Pb
zircon age. Positive “εHf” values are more likely to represent depleted mantle
values, and negative more mature continental crust. This equation is highly
sensitive to a change in the 176Hf/177Hf ratios, with epsilon unit equal to a 100 ppm
change in 176Hf/177Hf ratio.
Melts sourced from the ≤ 3600 Ma supra-chondritic depleted mantle are
described as juvenile, and will exhibit near equivalent U–Pb zircon and Lu–Hf
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model ages. This would be the case for mafic melts found in island arcs, distal
from recycled continental margins. The Lu–Hf model age for mature melts (i.e.
those from continental crust with significant pre-history), are usually much older
than their U–Pb zircon age (e.g., Hawkesworth and Kemp 2006). However,
some seemingly juvenile arcs, dominated by basalts and andesites, have been
influenced by the recycling of sediments in the trench and the melting of
subducted zircon in the asthenospheric wedge. This is known to cause Lu–Hf
ratios that indicate some continental influence from the sedimentary components
that have been transported from their continental source. Such examples include
the modern Banda (Nebel et al., 2011) and Lesser Antilles island arcs (White and
Patchett 1984). Both of these have highly variable depleted mantle Lu–Hf model
ages. When coupled with U–Pb zircon ages, Lu–Hf isotopic values can be used
to interpret separate intra-crystal domains within zircon (e.g. zircon derived from
hydrothermal fluid has 176Lu/177Hf ratios >0.014, mirroring the rock matrix,
whereas igneous and recrystallised zircon has ratios <0.002 (Gerdes and Zeh,
2009).
As mentioned previously, Hf substitutes for Zr into the closely spaced zircon
crystal lattice. Because of this, disturbances such as high-pressure/hightemperature or high pressure-low temperature, may lead to a disturbance of the
U–Pb system, with the loss of Pb, it is likely to leave the Lu–Hf system
undisturbed (Amelin et al., 2000). This is seen in many terranes where
recrystallisation of the original magmatic zircon has occurred (e.g., Napier
Metamorphic Complex in Antarctica, Choi et al., 2006; North Dabie terrane in
China, Wu et al., 2007). The zircon may retain the original Lu–Hf ratios
although a new younger U–Pb age may be apparent. When coupled with REE
partition coefficients between zircon and phases such as garnet, that form at peak
metamorphic conditions and compete with zircon for REE, one may illustrate the
timing of metamorphism (Rubatto, 2002; Manton et al., 2017a).
Analysis of the hafnium isotopic content of zircon was determined at the
Research School of Earth Sciences, ANU. Analysis and data reduction were by
project advisor Vickie Bennett, with data interpretation integrated with U–Pb
geochronology by Ryan Manton. Analysis was carried out on a ThermoFinnigan
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Neptune multicollector ICP–MS. Removal of sample, in situ from the zircon,
was via a laser ablation system. The ArF λ = 193 nm eximer laser was focused to
a 41 µm diameter spot over the sample region of the zircon. This was
subsequently pulsed at 7 Hz with an energy density at the sample surface of ~ 5
J/cm2. In order to enhance sensitivity ThermoFinnigan Neptune multicollector,
jet sample cones were adopted. Nine Faraday cups with 1011 Ω resistors counted
the incoming ions. These were set to static-collection mode as they measured the
following respective isotopes, 171Yb, 173Yb, 174Hf, 175Lu, 176Hf, 177Hf, 178Hf,
179

Hf, and 181Ta. Instrument sensitivity was established based on initial analysis

of the Monastery kimberlite megacryst zircon. During every 10-12 spot analysis
on the unknown zircons, gas blanks and secondary reference zircons, Mud Tank,
FC1, and QGNG, where analysed, to monitor instrument drift.
Site selection for laser spot Hf analysis, on zircon grains, was placed over preexisting SHRIMP analysis “pits” wherever possible. The acquisition of Hf data
per site lasted for 100 s, or until the zircon grain was ablated through. Due to the
small size of the zircons in this study, the latter usually occurred, leading to the
necessity to truncate the analysis with some degradation in precision. Downhole
variation of Lu/Hf and 176Hf/177Hf laser data was processed offline on a custom
Excel™ spreadsheet where time slices where cropped at the start and the end of
an analysis, in order to capture periods of steady 176Hf/177Hf signal. Uniform
ratios of Lu/Hf and 176Hf/177Hf were observed for each analysis. Due to a drop in
the Hf signal intensity during an analysis, from > 14 to 6 V, a within-run
dynamic amplifier correction was utilised.
Ratios for 178Hf/177Hf, 176Lu/177Hf and 176Hf/177Hf from the reference zircons
FC-1, QGNG, and Mudtank are presented in Table 3.S1. Average measured
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Lu/177Hf ratios within the reference zircons (Table 3.S1) are in good

agreement with the solution values reported by Woodhead and Hergt (2005).
The mean 176Hf/177Hf ratios for each of the reference zircons deviate from
published solution values of Woodhead and Hergt (2005) by < 0.1, 0.4, and 0.05,
εHf units for reference zircons FC-1, QGNG, and Mudtank. A composition of
0.732500 was adopted for 179Hf/177Hf (Patchett et al., 1981). Exponential law
values by Woodhead et al. (2004) were utilised in order to correct for mass bias.
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Mass bias factors for Y and Lu are inferred to be equal. Subsequently, they were
both normalised using an exponential correction to 173Yb/171Yb ratio of 1.129197
(Vervoort et al., 2004). Isobaric interferences between the former two, 176Lu and
176

Yb and the 176Hf peak were identified and they were removed. Interference

peaks for 175Lu and 173Yb were subtracted, based on the 176Lu/175Lu and
176

Yb/173Yb isotopic abundances of Vervoort et al. (2004). With no correlation

was observed between 176Hf/177Hf and 178Hf/177Hf, 174Hf/177Hf, or 176Lu/177Hf
ratios for any zircon reference materials. This demonstrates the calculations for
mass bias and Yb interferences were carried out correctly. Initial 176Hf/177Hf
ratios, which formed once the initial melt was removed from the juvenile mantle
reservoir, where based on the SHRIMP U–Pb age for the zircon. The initial
176

Hf/177Hf ratio is also based on 76Lu/177Hf = 0.0336 ± 1 (Bouvier et al., 2008), a

λ176Lu decay constant of 1.867 ± 8 × 10-11 yr-1 (Scherer et al., 2001; Söderlund et
al., 2004) and Present-day chrondritic reservoir (CHUR) compositions of
176

Hf/177Hf = 0.282785 ± 1. Due to the possibility of uncorrelated errors within

these LA–MC–ICP–MS analyses, within-run errors determined for individual
zircon analyses are summed in quadrature with an estimate of external
reproducibility from the zircon reference materials for each analytical session.
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4.1 Abstract
The timing and location of eclogite metamorphism is central to understanding
subduction events responsible for the assembly of eastern Gondwana. The Attunga
eclogite is one of only six eclogites in Australia and occurs as small blocks within a
schistose serpentinite mélange known as the Weraerai terrane, along the Peel Fault
of the southern New England Orogen. Our zircon data reveal the presence of high
Th/U oscillatory zoned magmatic zircon with a weighted mean 206Pb/238U age of
534 ± 14 Ma and recrystallized metamorphic domains with an age of 490 ± 14 Ma.
The latter have lower Th/U ratios, mostly no Eu anomalies and heavy rare earth
element (HREE)-depleted patterns. Garnet rims demonstrate that the final stages of
garnet growth occurred in a HREE-depleted environment, due to coeval formation
with metamorphic zircon. Direct application of the Ti-in-zircon thermometer to
metamorphic zircon yields temperatures of 770–610°C. Hf isotopic analyses of the
zircons have an average εHf(t) of +13, indicating a juvenile crustal signature. We
interpret the Attunga eclogite to be an indicator of Late Cambrian subduction
beneath an oceanic suprasubduction zone prior to accretion against eastern
Gondwana in the latest Devonian. Phillips et al. (2015) suggest two metamorphic
age populations within the Attunga eclogite, based on U–Pb zircon and 40Ar/39Ar
phengite data. These are ~ 515 Ma and ~ 480 Ma. We confirm these data, but our
zircon trace element chemistry data indicate that the Early Cambrian age (534 Ma)
represents igneous protolith formation rather than eclogite metamorphism.
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4.2 Introduction
Blueschists and associated eclogites are signature metamorphic rocks from low
metamorphic thermal gradients associated with subduction (Ernst, 1970, 1972; Goffé
and Chopin, 1986; Maruyama et al., 1996; Ernst, 2001). In ancient terranes, they are
important indicators of former convergent plate boundaries and associated sutures
(Ernst, 1988; Hacker et al., 2003; Ota and Kaneko, 2010). However, they become
rarer in early Paleozoic and older orogens due to loss by erosion or subsequent
retrograde overprinting metamorphism (e.g., Brown, 2009). Thus, tectonic
reconstructions that include several discrete subduction events involving obduction or
arc collisions onto continental margins become increasingly difficult to recognize. Age
determinations on minerals grown or recrystallized during high-pressure
metamorphism can be achieved by applying U–Pb dating of metamorphic zircon
growths or Sm-Nd determinations on coexisting garnet and omphacite (e.g.,
Hermann et al., 2001; Gilotti et al., 2004; Nutman et al., 2008). Geochronology that
distinguishes different ages of such metamorphic events within single orogens
provides important constraints on accurate tectonic reconstructions (Di Vinchenzo
et al., 1997; Rubatto et al., 1999; Gilotti et al., 2004; Hacker et al., 2006; Cheng et
al., 2012; Zhai et al., 2013).
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Figure 4.1: Regional geology of the Attunga area. Units grouped into terrane
scheme of (Flood and Aitchison, 1988). Tasmanides classification after Glen
(2005). Source of map: NSW Geological Survey Seamless Geology Project, UTM
Zone 56.
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The Australian continent is host to only six known eclogite occurrences. Five
of these occur within the Paleozoic Tasmanides (Glen, 2013) (Figure 4.1), with
only one occurrence within shear zones of the Meso- Neoproterozoic Musgrave
Block, Central Australia (Camacho et al., 1997). The Tasmanides represent significant
continental growth throughout the Paleozoic along the eastern Gondwana margin
(Cawood, 2005), and rare eclogites and blueschists represent important “road signs”
in the spatial and temporal evolution of eastern Gondwana. Two eclogite localities
within the Tasmanian portion of the Lachlan Orogen are the Franklin and Forth
Complexes with a U–Pb zircon metamorphic age of 514–504 Ma (Black et al.,
1997; Fergusson et al., 2013). The other three occur in the southern New England
Orogen, NSW (Figure 4.1). Two exotic blocks within a serpentinite mélange are
intimately associated with the Weraerai terrane (Great Serpentine Belt) at Attunga
(Shaw and Flood, 1974; Watanabe et al., 1999; Phillips et al., 2015) and Gleneden
(Allan and Leitch, 1992), and the third is at Port Macquarie on the coast (Figure
4.1) (Fukui et al., 1995; Och et al., 2003, 2007; Nutman et al., 2013). Also, two
lawsonite-bearing blueschists are located within the serpentinite mélange at
Glenrock and Pigna Barney (Fukui et al., 1995; Offler, 1999; Fukui et al., 2012;
Phillips et al., 2015). Their relevance to the Attunga eclogite will be discussed
briefly.
This paper presents an integrated field, petrographic and zircon U–Th–Pb–Hf–
REE–Ti and garnet geochemistry study of the Attunga eclogite. Cambrian ages are
derived for both the protolith and the superimposed eclogite facies metamorphic
event. Zircon initial εHf values indicate the juvenile crustal nature of these rocks
and suggest that they formed in the Panthalassa (Paleo-Pacific) intra-oceanic realm
before being accreted onto the Gondwanan margin. Recently, Phillips et al. (2015)
obtained two Cambrian zircon age populations from the Attunga eclogite (~ 515
and ~ 490 Ma) and interpreted both as separate eclogitic metamorphic events
associated with a single, long-lived, westerly dipping subduction event that started
with the Delamerian Orogeny in South Australia and was responsible for the
formation of the entire Paleozoic Tasmanides of eastern Australia. Our results show
that the older Cambrian (~ 515 Ma) zircon population is, in fact, relict igneous
zircons derived from the ophiolitic protolith of the Weraerai terrane thats has a well
established and similar age of 520–530 Ma (Aitchison and Ireland, 1995). Whilst
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our zircon ages are in general agreement with those of Phillips et al. (2015), we
provide additional zircon Hf isotope data that demonstrate the juvenile, intraoceanic origins of the eclogitized ophiolitic rocks at Attunga. These conflicting
interpretations have important ramifications for crustal growth mechanisms and the
incorporation of Cambrian crustal terranes within younger Devonian-Carboniferous
crustal rocks of the New England Orogen along the eastern margin of Gondwana.
4.3 Geological Context
The eastern portion of Australia forms a segment of a 3000 km long orogenic
belt on the margin of Gondwana, known alternatively as the Tasman Orogenic Zone
(Zucchetto et al., 1999) or the Tasmanides (Scheibner and Basden, 1996; Cawood
and Buchan, 2007; Kemp et al., 2009; Glen, 2013). From west to east the
Tasmanides (Figure 4.1) are subdivided into three distinct orogens: (i) the
Delamerian/Ross Orogen (Neoproterozoic-Early Ordovician) (Haines et al., 2009),
(ii) the Lachlan Orogen (Cambrian-Devonian) (Fergusson and Coney, 1992; Gray
and Foster, 2004), and (iii) the New England Orogen (early Paleozoic-Mesozoic)
(Leitch, 1975). The Thomson Orogen in Queensland is largely covered by Mesozoic
sediments, and due to limited outcrop, its structural elements are poorly understood
(Glen, 2005). Because of this, it will not be included here in the outline of the
Tasmanides. An interpretation of the mentioned orogens is that they developed via
periodic steepening and flattening of a continuously westerly dipping subduction zone
resulting in the opening and closing of back-arc basins behind a series of arcs that
developed close to the eastern margin of Gondwana (summarized by Collins (2002),
Cawood (2005), and Glen (2005)). This long-held and widely accepted model has
been challenged by Crawford et al. (2003), Aitchison and Buckman (2012), and
Buckman et al. (2014a, b) who proposed that various intra-oceanic ophiolitic and
island arc complexes exotic to Gondwana collided and accreted with the eastern
margin of Gondwana via alternating periods of east and west directed subduction
(Figure 4.2).
4.3.1 Delamerian and Lachlan Orogens
The Australian Delamerian Orogen (Antarctica equivalent being the Ross
Orogen) involved subduction along the eastern margin Gondwana from 514 to 499
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Ma (Figure 4.2a) (Coney, 1990; Foster and Gray, 2000; Glen, 2005; Robertson et
al., 2015). It is characterized by a deformed sequence of Neoproterozoic to
Cambrian Adelaide rift to passive margin sedimentary rocks (Glen et al., 2009;
Cayley, 2011). Termination of the Delamerian Orogeny is marked by rapid uplift
and the emplacement of A-type granites at ~ 490 Ma (Foden et al., 2006). It has
been suggested that the Delamerian Orogeny may be linked with the formation of
Cambrian ophiolites in the Lachlan and New England Orogen (Cawood, 2005;
Phillips and Offler, 2011) as well as the formation of the Attunga eclogite (Phillips
et al., 2015). This hypothesis is examined in section 7.
Controversy surrounds the formation of the Lachlan Orogen (Figure 4.2c).
Models range from a pure accretionary orogen with a single, long-lived, easterly
retreating westerly dipping subduction zone (Collins, 2002; Glen, 2005; Cawood et
al., 2009; Glen and Meffre, 2009; Kemp et al., 2009) to multiple subduction zones,
of varying polarity (Collins and Vernon, 1992; Fergusson, 2003; Spaggiari et al.,
2004; Fergusson et al., 2013). The Macquarie Arc, a dismembered Ordovician
island arc (Glen et al., 1998, 2007, 2011), is distributed across the central portion of
the orogen. Aitchison and Buckman (2012) argue that this arc was accreted as an
exotic terrane in the Early Silurian (~ 440 Ma) resulting in the Benambran Orogeny
(Glen et al., 2007) and widespread deformation of the structurally underlying,
passive margin sedimentary sequence (Adaminaby Group) on the Gondwana
margin during overthrusting of the exotic Macquarie Arc. This arc-continental
collision was followed by a subduction flip and onset of a typical Andean-type
continental convergent margin and onset of the Tabberabberan Orogeny throughout
the Silurian to Devonian (Cas, 1983; Powell, 1984). Orogenic activity and
magmatism within the Lachlan Orogen abruptly switched off in the latest Devonian
after the Kanimblan Orogeny, an event that is proposed to mark the collision of the
island arc Gamilaroi terrane island arc and the beginning of the New England
Orogen (Aitchison and Flood, 1994; Buckman et al., 2014b; Flood and Aitchison,
1988).

61

Figure 4.2: A schematic tectonic setting for the Tasmanides and the proposed
formation setting for the Attunga eclogite. Adapted from Buckman et al. (2014a).
Our suggested location for the Attunga eclogite during the development for the east
coast of Gondwana. (a) Formation of the Weraerai terrane ophiolite in a fore-arc
setting during the Early Cambrian. The associated island arc has not been located.
(b) Formation of the Attunga eclogite occurred at ~ 490 Ma, from the removal and
subsequent eclogitization of the overlying suprasubduction basaltic units. (c) Chert
accretionary complexes of the Djungati terrane formed during the Late Ordovician.
It is possible the later (Siluro-Devonian) oceanic island arc Gamilaroi terrane is
built on early Paleozoic units. It is likely that the preservation of the Attunga
eclogite and the Weraerai terrane occurred during this period. (d) Rifting of the
Gamilaroi terrane occurs with continual accretion of chert in the Djungati terrane.
(e) Accretion of the Gamilaroi terrane onto the Gondwanan margin occurred in the
latest Devonian. During this period, the emplacement of granitic intrusive bodies
into Lachlan Orogen ceased. (f) The serpentinite mélange, containing the Weraerai
terrane and the Attunga eclogite, was emplaced along the Peel Fault in the Early
Permian.
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4.3.2 New England Orogen
The southern New England Orogen in NSW (as opposed to the northern New
England Orogen in QLD) is dominated by Carboniferous continental convergent
margin sequences, which formed above a west-dipping subduction zone. The
orogen is a tectonic collage (Buckman et al., 2014b) of Carboniferous continental
margin arc and material deposited on older Ordovician-Devonian island arc terranes
(Figure 4.1). Initiation of the New England Orogen started in the late Silurian, with
the attenuation of an intra-oceanic island arc, the Gamilaroi terrane (Figures 4.2c
and 4.2d) (Flood and Aitchison, 1988), consisting of volcaniclastic units, felsic
intrusive rocks, and basalts (Stratford and Aitchison, 1997). This terrane is
distributed along the Peel Fault for ~400 km, along with a red chert-dominated
accretionary complex (the Djungati terrane). The collision and accretion of the
Gamilaroi terrane may be responsible for the Kanimblan Orogeny in the Lachlan
Orogen to the west (Figure 4.2e) (Aitchison and Flood, 1994). The Early Cambrian
low-Ti ophiolitic Weraerai terrane (Aitchison and Ireland, 1995) which was
previously known as the Great Serpentinite Belt (Benson, 1913) is juxtaposed
against the Gamilaroi terrane along the Peel Fault. The Weraerai terrane is a
disrupted serpentinite matrix mélange and contains Cambrian ophiolitic fragments
that represent the oldest rocks (Figure 4.1) and possibly the ocean basement to the
Gamilaroi terrane (Buckman et al., 2014a, b).
Following the collision and accretion of the Gamilaroi terrane, the New England
Orogen transformed into a classic continental Andean-type margin consisting of a
Carboniferous volcanic arc (Currabubula-Connors- Aubaun arc), fore-arc sequences
(Tamworth Belt), and an accretionary complex known as the Anaiwan terrane
(Flood and Aitchison, 1988) or Tablelands Complex (Caprarelli and Leitch, 1998;
Roberts and Engel, 1987). The core of the Carboniferous volcanic arc is now
largely hidden by the Permian Sydney-Bowen Basins (McPhie, 1987) (Figure 4.2f);
however, the Tamworth Belt fore-arc sequences are observed uncomfortably
overlying the Gamilaroi terrane (Aitchison and Flood, 1994).
Peraluminous S-type granitic suites were emplaced in to the accretionary
Anaiwan terrane during the Early Permian (Cawood et al., 2011). An increase of the
geothermal gradient, leading to melting in the accretionary wedge, may have been
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caused by a more oblique convergent margin direction during this period (Shaw and
Flood, 1981; Aitchison and Flood, 1992). Oblique convergence may also have
resulted in widespread strike-slip faulting and the development of small strike-slip
basins (Manning Group or Barnard Basin) along the entire Peel Fault (Aitchison et
al., 1997) and final emplacement of the serpentinite mélange to upper crustal levels.
After a brief mid-Permian magmatic hiatus, largely orthogonal continental margin
subduction recommenced during the Late Permian to Triassic, east of the current
coastline (Cawood, 1984; Bryant et al., 1997). This resulted in extensive
emplacement of 255–225 Ma I-type granite and volcanic suites into the
Carboniferous-Permian accretionary complex (Shaw and Flood, 1981).
4.3.3 Peel Fault
Deformation histories in chaotic mélange zones are difficult to interpret due to
the heterogeneous nature of blocks in serpentinite mélange. S-C mylonites can be
notoriously inconsistent in mélange zones, particularly around these rotated blocks,
and are best considered as indicating the last sense of motion within the shear zone.
Corbett (1976) and then Cawood (1982a) suggested that tightly folded oceanic
derived units adjacent to the Peel Fault originally exhibited a strike parallel to the
fault system. The formation of drag structures, as well as bending and displacement
toward the east where the Peel Fault transitions into the Manning Fault System near
Barry (Figure 4.1), was a result of several oblique sinistral strike-slip faults offset
from the main fault. Williams (1979), Offler and Williams (1987), and Offler et al.
(1989) undertook detailed studies of the serpentinite at Glenrock Station (Figure
4.1) and recorded evidence of sinistral strike-slip faulting. Alternatively, the en
echelon geometry of similar strike-slip basins at Barry and Glenrock and structural
kinematic indicators, including tension gashes, suggest a dominantly dextral strikeslip regime during the Early Permian (Scheibner and Glen, 1972; Aitchison et al.,
1997).
Devonian to Carboniferous rocks west of the Baldwin Thrust (Figure 4.1) in the
western domain of the Tamworth Belt are only moderately deformed and
characterized by gentle, upright northwest trending folds that have been refolded by
later northeast trending folds (Vickery et al., 2010). Deformation is increasingly
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intense in the Devonian Gamilaroi terrane closer to the Peel Fault. The eastern
domain between the Namoi and Peel faults is characterized by open NNW trending
folds overprinted by tight north trending folds developed during movement along
the Peel Fault.
To the east of the Peel Fault, the Weraerai terrane is in fault contact with a thin
sliver of isoclinally folded red ribbon-bedded cherts of the Siluro-Devonian
Djungati terrane (Vickery et al., 2010). Here the Peel Fault dips steeply to the east
(Korsch et al., 1997). This small sliver of Djungati terrane is in fault contact with
the latest Devonian to Carboniferous basalt-chert-turbidite units of the Anaiwan
terrane, which represents the continental accretionary complex of the New England
Orogen throughout the Carboniferous.
4.3.4 Disrupted Ophiolitic Weraerai Terrane
The Weraerai terrane in the southern New England Orogen extends some 300
km from Warialda in the north to Nundle in the south (Figure 4.1). It consists of a
highly schistose serpentinite matrix with a steeply dipping foliation. Locally, at
Bingara it is referred to as the Woodsreef mélange (Vickery et al., 2010) which
consists of schistose serpentinite matrix anastomosing around lenticular phacoids of
variable size and composition, including peridotite, dunite, pyroxenite, gabbro,
dolertite, plagiogranite, basalt, and some sedimentary rocks and rare
eclogite/blueschist metamorphic equivalents (Offler, 1999), which together
resemble a dismembered ophiolite. It was originally mapped and described by
Benson (1913). Wilkinson (1969) and Leitch (1980) interpreted these rocks as
“alpine-type” ultramafic rocks injected into higher crustal levels as a series of cold
intrusions during the Early Permian. Detailed petrological and geochemical studies
(Cross, 1983; Cross et al., 1987; Blake and Murchey, 1988; Sano et al., 2004)
established that these rocks are dismembered fragments of an ophiolite sequence.
The highly refractory Ti-poor nature of these intrusive rocks led Aitchison and
Ireland (1995) and Yang and Seccombe (1997) to suggest that they formed in a
fore-arc, supra-subduction zone setting. On this basis, Flood and Aitchison (1988)
proposed that these rocks represent a separate lithotectonic entity, the Weraerai
terrane. U–Pb dating of zircons from plagiogranite of the Weraerai terrane gave an
age of 530 ± 6 Ma (Aitchison et al., 1992), identifying this dismembered ophiolite
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as the oldest unit in the southern New England Orogen. This age prompted a
reevaluation (Aitchison and Ireland, 1995) of the tectonic models that invoke
continuous, westerly dipping subduction, accreting progressively younger crust
onto the eastern margin of Gondwana throughout the Paleozoic.
4.3.5 Attunga Eclogite Field Occurrence
The Attunga eclogite crops out 32 km north of Tamworth as small blocks within a
serpentinite mélange (Woodsreef Mélange), which is collectively assigned to the
Weraerai terrane (Vickery et al., 2010) (Figure 4.3, top). The eclogite outcrop at
Attunga is limited to a road cutting on the Wisemans Arm Road (30°50’40”S,
150°54’45”E WGS84). A few large blocks of eclogite are strewn across the adjacent
field within 30 m of the outcrop, suggesting that some eclogite remains as resistant,
residual blocks on the erosion surface as the softer serpentinite host is more easily
eroded away (for field outcrop image, see supporting information for this chapter,
figure 4.S1. A variable degree of retrograde amphibolitization of the eclogite is
observed, but generally, the eclogite blocks are broadly uniform with no igneous
crosscutting relationships (cf. Watanabe et al., 1999) (see section 2.9).
To the west, the Weraerai terrane is in faulted contact with a small sliver of
shallow marine diamictites of the Early Permian Kensington Formation correlated
regionally with the Manning Group (Barnard Basin) (Vickery et al., 2010). These
localized depocenters developed as oblique-slip basins (negative flower structures)
during the Early Permian (Aitchison et al., 1997). These strata are moderately
deformed, well cleaved, and generally in fault contact with surrounding units, and
thus, the Early Permian depositional age constrains the maximum age of movement
along the Peel Fault. Farther south the Inlet Monzonite intrudes and stitches the
Peel Fault. Its age of ~248 Ma (Shaw and Flood, 1992) constrains the minimum age
of movement for at least this portion of the Peel Fault.
North-south strands of serpentinite mélange extend from the Peel Fault into the
Siluro-Devonian Djungati terrane and Carboniferous Anaiwan terrane. Near the
locality of Attunga and farther north to Bingara these N-S strands contain
Ordovician-Silurian basalt-turbidite-limestone units of the Glen Bell Formation
(Dunmore terrane) (Vickery et al., 2010). The relationship between these
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Ordovician-Silurian units the rocks contained within the Weraerai terrane is still
largely untested.

Figure 4.3: (top) Geology of the Attunga region. The eclogite block is located at
30°50’40”S, 150°54’45”E WGS84 on the side of the road at a bend in the Wisemans
Arm Road. Source of map data is the NSW geological survey seamless geology
project, UTM Zone 56. (bottom) Cross section across Peel Fault, based on data from
Blake and Murchey (1988), Jayko et al. (1993), and Aitchison et al. (1997).
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4.4 Analytical Methods
4.4.1 Whole Rock X-Ray Florescence and Inductively Coupled Plasma-Mass
Spectrometry Analysis
Five samples, ATE01, ATE02, ATE04, ATE05, and ATE06, were subjected to
petrographic and geochemical analysis. Samples were crushed using a Cr-Ni
TEMA ring grinder. Fused buttons were made for X-ray fluorescence (XRF) major
element analysis. Given the mafic compositions of the samples, 12% tetraborate
plus 22% metaborate flux was used. The samples were oxidized by adding 5 mL of
lithium nitrate solution and left at 60°C overnight, before being fused in a furnace.
Pressed pellets for XRF trace element analysis were created by mixing ~ 5 g of
sample with a polyvinyl acetate binder and pressed into an aluminum cup using a
hydraulic hand press. Trace element pressed pellets were then oven dried at 60°C
for 12 h. Whole rock geochemical analysis was conducted using a SPECTRO
XEPOS X-ray fluorescence spectrometer at the University of Wollongong. W-2
dolerite standard (n = 4) was used during the period that the data for this paper were
acquired, which show a standard deviation of <3% for all the major elements and
agree with accepted values.
Rare earth elements (REEs) were analyzed by ALS Minerals Division Brisbane
via inductively coupled plasma-mass spectrometry (ICP-MS) (geochemical
procedure ME-MS81). A prepared sample is added to lithium metaborate/lithium
tetraborate flux, mixed well and fused in a furnace. The resulting melt is then
cooled and dissolved in an acid mixture containing nitric, hydrochloric, and
hydrofluoric acids. This solution is then analyzed by ICP-MS. Standards, OREAS
120 and STSD-1, were duplicated for the run as well as five sample duplicates and
three blanks, with a 10% tolerance of error.
4.4.2 Mineral Microprobe Analysis
Mineral analyses were undertaken at Macquarie University on a Cameca SX50
electron microprobe with a voltage of 15 kV, sample current of 20 nA, and a beam
spot size of 5 µm. Back-scatter electron images of selected sites were obtained on a
JEOL JSM-490 LV at Wollongong Innovation Campus. Operating parameters were
of 15 kV and a current of 5 nA.
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4.4.3 Zircon Seperation and Cathodoluminescence Imaging
The ATE01 zircon concentrate was prepared by standard heavy liquid and
isodynamic Frantz magnetic separation techniques at the mineral separation
laboratory of the Research School of Earth Sciences, the Australian National
University (ANU). The concentrate was handpicked under a binocular microscope,
and the selected grains were cast in epoxy resin discs together with the zircon
Temora 2 reference material (Black et al., 2003). The cured epoxy disc was ground
to reveal midsections through the grains and then polished. The grains were
documented with reflected and transmitted light photomicrographs and by
cathodoluminescence (CL) imaging. Reconnaissance CL imaging was undertaken
at the Australian National University, to guide the choice of sensitive highresolution ion microprobe (SHRIMP) U–Pb analytical sites.
4.4.4 U–Pb Ion Microprobe Geochronology of Zircon
U–Pb geochronology was performed on the ANU SHRIMP II instrument.
Analytical protocols followed Williams (1998), and reduction of the raw data used
the ANU software “PRAWN” and “Lead.” All errors also take into account
nonlinear fluctuations in ion counting rates beyond that expected from counting
statistics (Stern, 1998). 206Pb/238U ratios of the unknowns were calibrated using
measurements of the Temora 2 reference material (U–Pb ages concordant at 417
Ma) (Black et al., 2003) interspersed with analyses of the unknowns. In order to
check for systematic bias in U–Pb calibration, several groups of Temora 2 were
distributed across the mount. These were visited randomly during analysis and
displayed no systematic differences. Therefore, the U–Pb ages on the Attunga
zircon can be considered accurate. U and Th abundance was calibrated using
measurement of the reference zircon SL13 (U = 238 ppm) located in an adjacent
setup mount. Spot size on the zircons was 20 µm. The reduced and calibrated data
were assessed and plotted using the ISOPLOT program of Ludwig (2003).
Weighted mean 206Pb/238U ages are reported at the 95% confidence level and are
rounded to the nearest million years.
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4.4.5 Zircon REE and Trace Element LA–ICP–MS
Rare earth element (REE) analyses of zircons were undertaken using LA–ICP–
MS at GEMOC, Macquarie University Sydney, using a New Wave UP213
Nd:YAG 213 nm laser ablation system coupled to an Agilent 7700 quadrupole
ICP–MS. Jackson et al. (2004) describe the setup, analysis, and analytical
procedures for LA–ICP–MS. The data were calibrated against NIST 612 glass.
Laser ablation spots were located atop SHRIMP pits, with later Lu–Hf LA–ICP–
MS located beside them.
4.4.6 Garnet REE LA–ICP–MS
Garnet trace element analysis was carried out at GEMOC Macquarie University
Sydney. A Photon Analyte G2 Excimer 193 nm laser coupled with Agilent 7700
ICP–MS was used for the analysis. Laser parameters were 5.69 J/m2 at 5 Hz and a
beam size of 50 µm. Average detection limits were 0.03 ppm. In run standards were
NIST-610, U.S. Geological Survey basaltic glass standard BCR-2G, and Mongolian
garnet MU5388 (Norman et al., 1996). Offline data reduction was undertaken in
GLITTER software with normalization of garnet analysis based on SiO2 contents
from microprobe data.
4.4.7 Zircon Lu–Hf Isotopic Measurements by LA–MC–ICP–MS
Zircon hafnium isotopic compositions were determined at the Research School
of Earth Sciences, ANU, using a ThermoFinnigan Neptune multicollector ICP–MS
coupled to a ArF λ = 193 nm eximer laser ablation system following methods
described by Hiess et al. (2009). The laser was focused to a 41 µm diameter spot
and pulsed at 7 Hz with an energy density at the sample surface of ~ 5 J/cm2, and
jet sample cones were used in place of standard cones to enhance sensitivity. 171Yb,
173

Yb, 174Hf, 175Lu, 176Hf, 177Hf, 178Hf, 179Hf, and 181Ta isotopes were

simultaneously measured in static-collection mode on nine Faraday cups with
1011Ω resistors. A large zircon crystal from the Monastery kimberlite was used to
tune the mass spectrometer to optimum sensitivity. Analysis of a gas blank and a
suite of secondary reference zircons (Mud Tank, FC1, and QGNG) were performed
systematically after every 10–12 sample spot analyses.
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Data were acquired in 1 s integrations over 100 s or until the grain burned
through. Where possible the larger diameter laser spot was placed over the
SHRIMP analysis spot. Offline segmental processing of the laser ablation data
allowed detection of any downhole variation in Lu/Hf and 176Hf/177Hf related to
drilling through different growth zones. During data reduction on a custom Excel™
spreadsheet, time slices were cropped to periods maintaining steady 176Hf/177Hf
signals. Lu/Hf and 176Hf/177Hf ratios were uniform throughout data acquisition.
Data reduction incorporated a within-run dynamic amplifier correction. Total Hf
signal intensity typically fell from >14 to 6 V during a single analysis.
The measured 178Hf/177Hf, 176Lu/177Hf and 176Hf/177Hf ratios for the reference
zircons are given in the supporting information Table 3.S1. Mass bias was corrected
using an exponential law (Woodhead et al., 2004) and a composition for 179Hf/177Hf
of 0.732500 (Patchett et al., 1981). Yb and Lu mass bias factors were assumed to be
identical and normalized using an exponential correction to a 173Yb/171Yb ratio of
1.129197 (Vervoort et al., 2004). The intensity of the 176Hf peak was determined
accurately by removing isobaric interferences from 176Lu and 176Yb. Interferencefree 175Lu and 173Yb were measured and the interference peaks subtracted according
to reported 176Lu/175Lu and 176Yb/173Yb isotopic abundances of Vervoort et al.
(2004). As a quality check of these procedures, 178Hf/177Hf and 174Hf/177Hf ratios for
all zircon reference materials and samples are reported (Table 4.S1). Average
measured 176Lu/177Hf ratios within the reference zircons (Table 4.S1) are in good
agreement with the solution values reported by Woodhead and Hergt (2005).
The mean

176

Hf/

177

Hf ratios for each of the reference zircons deviate from

published solution values of Woodhead and Hergt (2005) by <0.1, 0.4, and 0.05,
εHf units for reference zircons FC-1, QGNG, and Mudtank, respectively (Table
4.S1). No correlation exists between
176

176

Hf/

177

Hf and 178Hf/

177

Hf,

174

Hf/

177

Hf, or

177

Lu/ Hf ratios for any zircon reference materials, including the moderate to high

Lu/Hf zircons, QGNG, and FC1, indicating that calculations for mass bias and Yb
interference corrections were applied accurately. For the unknown zircons, initial
176

Hf/

177

Hf ratios for each spot were calculated using the SHRIMP U–Pb age for the

zircon, or when an age for a zircon was not available, the weighted mean average for
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the rock was used. The initial

176

Hf/

177

Hf ratio refers to the point in time in which the

initial melt was removed from the juvenile mantle reservoir and is usually older than
the U–Pb zircon age. Present-day chrondritic reservoir (CHUR) compositions of
176

Hf/

176

λ

177

Hf = 0.282785 ± 11,

176

177

Lu/ Hf = 0.0336 ± 1 (Bouvier et al., 2008), and a
-11

Lu decay constant of 1.867 ± 8 × 10

-1

yr

al., 2004) were also used to calculate the initial

(Scherer et al., 2001; Söderlund et

176

Hf/

177

Hf ratio.

Several sources of uncorrelated error may exist within these LA–MC–ICP–MS
analyses that do not account for the external scatter seen in some reference zircons
(e.g., Temora-2 and FC1). Therefore, a conservative approach is taken to estimate
the absolute uncertainty of each spot that is used to calculate weighted mean εHf
compositions. Within-run errors determined for individual zircon analyses are
summed in quadrature with an estimate of external reproducibility from the zircon
reference materials for each analytical session.
4.5 Whole Rock Geochemistry, Petrology, and Mineral Chemistry
4.5.1 Whole Rock Geochemistry (Oxide, Trace, and REE)
REE, major and trace element data for five samples from Attunga eclogite are
presented in Table 4.1. Most trace elements are enriched 4 to 10 times relative to
primitive mantle reference (Sun and McDonough, 1989) (Figure 4.4). YbN/GdN
ratios demonstrate slight fractionation, with values between 0.58 and 1.63. High variance
is seen in all samples amongst the large ion lithophile elements of Ba, Rb, and K, as
well as U and Th. This is coupled with small moderate depletion of Ti.
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Table 4.1: Whole rock XRF and ICP–MS data geochemical analyses. Eua = √(SmN
x GdN). Nb = element normalized to chondrite abundance.
ATE01

ATE02

ATE04

ATE05

ATE06

wt% XRF
SiO2

46.66

45.40

46.21

46.59

46.96

TiO2

1.21

1.23

0.72

1.04

1.20

Al2O3

14.07

14.30

15.34

14.25

13.91

Fe2O3

12.80

12.17

8.98

10.13

13.06

MnO

0.22

0.21

0.14

0.17

0.21

MgO

8.97

9.62

11.16

10.34

8.42

CaO

12.29

13.09

13.09

11.29

11.82

Na2O

2.64

2.10

2.06

2.32

2.74

K2O

0.13

0.03

0.22

0.08

0.10

P2O5

0.11

0.11

0.06

0.11

0.10

SO3

0.01

0.01

0.02

0.01

0.02

LOI

1.25

2.23

2.05

2.17

1.14

100.36

100.50

100.07

98.51

99.68

Rb

3.10

0.70

4.50

1.30

1.20

Ba

109.50

78.50

65.2

105.00

194.50

U

<0.05

0.72

0.33

0.30

0.07

Th

0.19

0.71

0.48

0.50

0.24

Nb

3.40

6.50

1.90

4.40

2.50

Ta

0.30

0.50

0.40

0.50

0.40

La

2.80

7.40

4.40

5.60

2.70

Ce

7.40

19.80

11.20

13.80

8.40

Pr

1.20

3.41

1.67

2.14

1.42

Sr

78.30

145.50

236.00

143.50

64.80

Nd

6.20

16.80

8.70

10.80

7.90

Zr

70.00

69.00

37.00

57.00

59.00

Hf

1.80

1.70

1.10

1.50

1.70

Sm

2.31

5.62

2.44

2.96

2.75

Eu

0.93

2.05

1.08

1.26

1.14

Gd

3.69

6.46

3.07

3.90

4.11

Tb

0.72

0.96

0.55

0.63

0.71

Dy

4.85

5.26

3.38

3.98

4.97

Y

32.30

32.80

20.80

25.00

31.10

Ho

1.13

1.14

0.72

0.88

1.03

Er

3.62

3.48

2.35

2.74

3.41

Tm

0.54

0.54

0.34

0.37

0.48

Yb

3.44

3.47

2.05

2.47

3.19

Lu

0.53

0.54

0.32

0.38

0.49

LaN/YbN

0.58

1.53

1.54

1.63

0.61

Total

ppm ICP–MS
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On the Nb/Yb versus Th/Yb plot (Pearce, 2008), a slight slab influence is
observed with sample ATE04 lying just within the island arc array (Figure 4.5a).
The remaining samples are split between those with strong normal mid-oceanic
ridge basalt (N-MORB) ratios and those that plot between N-MORB and
continental arc ratios. Ti/V ratios for the Attunga eclogite samples illustrate a
suprasubduction zone proximal-MORB setting (Figure 4.5b). All published Ti and
V values from the Weraerai terrane have also been plotted, to demonstrate their
suprasubduction setting and their compositional congruence to the Attunga
eclogite.

Figure 4.4: Whole rock trace element data of samples from the Attunga eclogite.
Abundances are normalized with primitive mantle of Sun and McDonough (1989).
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Figure 4.5: (A) Nb/Yb-Th/Yb diagram (Pearce, 2008). (B) Ti/V plot by Shervais.
(1982). Attunga eclogite data are shown in coloured symbols, and other data are a
compilation of geochemical analysis from gabbros/dolerite of the Weraerai terrane.
4.5.2 Petrology and Major/Trace Element Mineral Chemistry
ATE01 contains abundant (25% by volume) 0.2–1 mm anhedral to subhedral
garnet porphyroblasts. All garnets exhibit extensive retrogression to chlorite
(Figure 4.6). Inclusions, as identified by electron microprobe, are mainly albite,
quartz, rutile, and epidote. Omphacites occur as large (~ 500 × 500 µm),
subeuhedral to anhedral grains (Figures 4.6a1 and 4.6a2) and amphiboles as small
fine-grained (30 × 100 µm) clusters and rarer subeuhedral bladed clusters.
Tremolitic amphibole is associated with fine grained albite (50 × 50 µs) and grew
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under greenschist facies retrogressive conditions (Figures 4.6b1 and 4.6b2). This is
inferred from their replacement nature around the near-peak metamorphic phases
such as garnet and omphacite (Figures 4.6a1, 4.6a2, 4.6c, and 4.6d1). With the
current accepted nomenclature, the samples are described as a retrogressed
eclogite as outlined by Carswell (1990). Only a faint orientation within some
domains is given by bladed (secondary) tremolitic amphibole that delineates a
weak foliation.
4.5.2.1 Garnet
Six garnets were analyzed via electron microprobe. Repeat analysis of garnets
AT1a 5, AT1a 6, ATE01 3, and ATE01 4 was undertaken to reproduce trends seen
in the core to rim traverses. Garnet ATE01 3 is presented here as a representative
example. Grossular content is highest in cores, decreasing to rim. The opposite is
observed for pyrope (Figure 4.7a). Almandine and spessartine decrease toward the
rims (Figure 4.7c), with spessartine exhibiting the classic bell-shaped curve
(Spear, 1993) indicating growth over increasing pressure-temperature (P-T)
conditions (Tomaschek et al., 2003; Spandler and Hermann, 2006). From core to
rim garnet contents are Alm50Sps4Prp15Grs30 to Alm40Sps1Prp30Grs27, respectively
(Table 4.2). Intracrystal fractures, which facilitate retrogression of the garnet to
chlorite, are represented by abrupt changes along the cross section (Figure 4.7c).
Analyses which landed on inclusions have also been removed from the transect
plots. These compositional variations in Attunga garnets have been documented by
Shaw and Flood (1974). Inclusions are more numerous toward the cores relative to
the rims and are generally limited to larger garnets (>500 µm). This characteristic
has also been noted by Clarke et al. (1997), Spandler and Hermann (2006), and
Tian and Wei (2014). Unlike Phillips et al. (2015), we did not find any lawsonite
inclusions.
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Figure 4.6: (a1) Cross-polarized light of photomicrograph showing core (c) versus
rim (r) microprobe locations for pyroxene ATE1a 3. See Table 4.1 for data. (a2)
Equivalent location represented by energy-dispersive X-ray spectroscopy (EDS) image.
Elements analyzed with their respective colors: red: Mg; yellow: Al; and blue; Na. Dark
spots are interpreted as accessory phases. This color scheme also applies for Figures
4.6b2 and 6c. (b1) Plane polarized of image Figure 4.6b2. (b2) EDS image of bladed
tremolitic amphibole, dispersed in fine-grained chlorite groundmass. Numbers refer
to microprobe analysis numbers for tremolitic amphibole (tr) in Table 4.2. (c) EDS
image of epidote phenocrysts associated with fine quartz/albite aggregate
containing retrogressed garnet. Omphacite retrogressed to tremolitic amphibole and
quartz/albite. (d1) Zircon (green) located within garnet retrogressed to chlorite and
epidote. (d2) Back-scattered electron image from Figure 4.6d1, with zircon
represented by the bright spot. (e1) Replacement of rutile with titanite forming a
corona. Composite image composed of equivalent as previous images, though with
Ti: purple. (e2) Outline of rutile (inner) and titanite (outer). (f and g) Omphacitic Na
pyroxene with rutile and quartz in inclusions. Mineral abbreviations are as follows: Ab:
albite; Tr: tremolitic amphibole; Ass: accessory phases (titanite/zircon/rutile/apatite);
Chl: chlorite; Ep: epidote; Grt: garnet; Omp: omphacite; Rt: rutile; and Tnt: titanite.
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Figure 4.7: (a) Plot of pyrope versus grossular compositions for core versus rim
from garnets. Analysis with “line,” have been taken from cross-section profiles, to
test reproducibility. (b) Representative garnet cross section, ATE01 3. (c) Molar
proportion of Almandine (alm), pyrope (prp), spessartine (sps), grossular (grs), and
Mg# = (Mg)/(Mg + Fe2+) for the cross section depicted in Figure 4.7b. Calculations
used for the respective garnet compositions are Xspess = Mn/(Fe + Mn + Mg + Ca),
Xalm = Fe/(Fe + Mn + Mg + Ca), Xpy = Mg/ (Fe + Mn + Mg + Ca), and Xgross =
Ca/(Fe + Mn + Mg + Ca). Values are mol %, and all Fe is treated as Fe2+. See Table
4.1 for microprobe results.

78

4.5.2.2 Omphacite
The cores and rims of omphacite are not compositionally distinct (Table 4.2). In
the Ca–Mg–Fe pyroxene versus jadeite versus aegirine diagram of Morimoto et al.
(1988) the pyroxenes have uniform jadeite (17–23 mol %) - aegirine (4–8 mol %)
compositions from core to rim and plot close to, and on, the omphaciteclinopyroxene line (Figure 4.8a). Estimation of Fe3+⁄Fe2+ is based on stoichiometry
and charge balance.
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Table 4.2: Selected microprobe analysis of garnet and pyroxene. bdl: below level of
detection ~ 0.01% c, core; r, rim. Total FeO is reported as FeO. Pyroxene
nomenclature is from Morimoto et al. (1988).

80

Figure 4.8: (a) Clinopyroxene classification scheme after Morimoto et al. (1988).
Normalization conducted to 6 oxygen and 4 cations. (b) Calcic amphibole
classification scheme, from Hawthorne et al. (2012). Oxidation state of iron and
cation site distribution is calculated on the basis of charge balance.
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4.5.2.3 Amphibole
All of the amphiboles are classified as tremolite (ferro-actinolite) using the
calcic amphibole scheme of Hawthorne et al. (2012). Tremolitic amphibole is
associated with fine-grained quartz-albite groundmass (<50 µm) surrounding
omphacite and is clearly retrogressive in origin (Figures 4.6c, 4.6d1, and 4.6d2). It
shows a tight clustering of A(Na + K + 2Ca) = 0.04–0.31 pfu (per formula unit)
and C(Al + Fe3++2Ti) = 0.04–0.24 (Figure 4.8b and Table 4.3), where A and C
refer to the idealized cation formula sites for amphibole based on 23 oxygens.
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Table 4.3: Selected microprobe analysis of amphiboles. x(Fe) = Mg/(Mg + Fe2+).
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4.6 SHRIMP U–Pb Zircon Geochronology
4.6.1 Zircon Petrology
After reconnaissance CL imaging prior to the U–Pb dating, high-resolution CL
imagery was carried out at the Wollongong University Innovation Campus.
Images were recorded in blue, rather than white light, in order to reduce “noise”
created by red light. There are three distinct types of zircon, which we term types
I, II, and III (Figure 4.9). Type I zircons are dull to dark in CL, form cores, and are
typically devoid of observable structure. This is only observed in 8 of
approximately 100 mounted zircons. Type II zircon domains are the dominant
textural type and are characterized by an increase in the CL signal (brightness).
Ghost zoning, whereby partial recrystallization occurs, is apparent in many of
these type II zircons. Type III zircon is largely homogeneous and has a slightly duller CL
signal relative to II (Figure 4.9a). Type III zircon is always located to the edge of
grains, with thicker portions on the broadest ends of grains. Type III zircon is
generally 10–20 µm broad as rims and in three cases, up to 50 µm. The boundary
between type II and type III zircon is sharp and lobate in nature with the type III
outside rim having a spongy texture (Figure 4.9d).
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Figure 4.9: Panchromatic images of represented zircon. Four types zircon
morphology are described. Type I: dark CL, high REE contents (>600), and Th/U
ratios between 0.4 and 1.0. Type II: zoning is brighter and lacks magmatic
oscillatory zoning; REE content is less than 150. Type III occur as rims, bright-dull
homogenous CL signal. Analyses are not carried out on this zircon type.
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4.6.2 Zircon U–Th–Pb
All analyzed zircons, with their respective spot locations, are illustrated in
Figure 4.10. Six analyses are of type I zircon domains of dull to dark CL
signatures, and 15 are on bright type II zircon domains. Type III zircon rims were
too narrow to be analyzed. Analyses of type II zircon from ATE01 have low U
content, all with <50 ppm and most with <2 ppm, and have Th/U ratios of <0.1
(Table 4.4). The type I cores have higher U abundance (up to 294 ppm) with high
Th/U ratios of 0.37 to >1.0. In some of the very low U abundance type II zircons
there is an appreciable proportion of common Pb in the analyses (f206 > 2% in
Table 4.4; where f206 is the percentage of 206Pb of nonradiogenic origin), simply
because of the small amount of radiogenic Pb that has been produced in the past
half billion years.
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Figure 4.10: Cathodoluminescence images of zircons extracted from Attunga
eclogite showing dominantly bright, recrystallized metamorphic zircons with the
occasional darker, oscillatory zoned inherited igneous core. White: U–Pb SHRIMP
analysis; blue: LA–ICP–MS, REE analysis; and yellow: LA–ICP–MS, Lu–Hf
analyses. Orange text refers to the 534 ± 14 Ma U–Pb age population based on
weighted mean average.
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Low abundances of U, Th, and radiogenic Pb in type II zircon resulted in large
analytical errors. The data are presented uncorrected for common Pb in a TeraWasserburg 238U/206Pb-207Pb/206Pb concordia diagram (crosses in Figure 4.11a).
Regression of this data gives rise to a lower Concordia intercept of 490 ± 14 Ma
(mean square weighted deviate (MSWD) = 0.43) which is the radiogenic U–Pb
component interpreted as giving the age of type II zircons (the intercept of the
regression line with the 207Pb/206Pb axis gives the 207Pb/206Pb isotopic ratio of the
common Pb). Another assessment of the age of these zircons is based on
238

U/206Pb following correction for common Pb using the 207 correction method

(which assumes concordancy) (Compston et al., 1984). Using analyses with <2%
f206, this gives a weighted mean 238U/206Pb age of 492 ± 13 Ma (MSWD = 0.33),
indistinguishable from the regression treatment of the data not corrected for
common Pb and with no assumption about the common Pb composition.
The analyses of the type I zircon cores with higher U abundance have lower
proportions of common Pb and yield close to concordant ages, even prior to
correction for common Pb (ovals in Figures 4.11a and 4.11b). Rejecting analysis
12.1 which might have lost small amounts of radiogenic Pb, the remaining five
analyses yield a weighted mean 238U/206Pb age of 534 ± 14 Ma (MSWD = 0.51;
data corrected for common Pb by the 207 correction method).
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Table 4.4: Summary SHRIMP zircon U–Th–Pb data. The two types of zircon
morphology analyzed are type I and type II. Labels; x.y = grain x, analysis y.
Analysis 1.1 abandoned because U, Th, Pb abundance too low for peak centering p
= prismatic, eq = equant, e = end, m = middle, r = overgrowth, c = core, h =
homogeneous and sector zoning, hd = homogeneous dark, fr = fragment, **
analysis is composite, core targeted, but overlaps onto rim analytical errors are
given at the 1 sigma level U–Pb isotopic ratios given prior to correction for
common Pb, * age corrected for common Pb by the 207 method, and 500 Ma model
Pb of Cumming and Richards (1975). All errors are to 1σ.
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Figure 4.11: Tera-Wasserburg plot (238U/206Pb–207Pb/206Pb). (a) Crosses depict
recrystallized zircon, gray ovals represent igneous zircon. (b) Enlarged view of the
concordant igneous zircons. Data uncorrected for common Pb and analytical errors
depicted at the 2σ level.
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4.7 LA–ICP–MS

Zircon and Garnet Trace Element Chemistry

4.7.1 Zircon Rare Earth Element Chemistry
REE data are presented in Table 4.5 and illustrated in a chondrite-normalized
plot (Figure 4.12). Type I zircons have higher ΣREE contents, 656.76 to 972.76,
whereas type II zircons have lower values of 9.24 to 222.73, with a median of 49.
Type I zircons have chondrite-normalized Lu values >2000, with depletion of La
to subchondritic values, negative Eu anomalies (Eua = EuN/√(SmN × GdN)) of 0.13
to 0.28 and positive Ce anomalies. The low Th/U type II zircon shows different
REE abundances. In many of the analyses the light REEs apart from Ce are below
level of detection, whereas Lu occurs at 862 down to 23 times chondrite
abundance, i.e., considerably less than the >2000 of type I zircon. Anomalous high
ΣREE values within type II zircon is found with two analysis, ATE1-4-1 (ΣREE =
141.44) and ATE1-8-1 (ΣREE = 222.73) (Table 4.5). With one exception, analyses
of type II zircon show negligible Eu anomalies. The anomalous analysis 8.1
(Figure 4.10g, zircon) shows modest depletion in the HREE relative to type I
zircon, a negative Eu anomaly, and a higher U content than most of the other type
II zircons (Tables 4.4 and 4.5 and Figure 4.12). This analysis was on the edge of
the zircon grain (Figure 4.10) and does not appear to contain type I core zircon, to
explain the negative Eu anomaly. For type II zircon a weak positive collation
exists between YbN/GdN and the corrected U–Pb zircon age (R2 = 0.65) (Figure
4.13b). Thus, the type II zircons, with apparently marginally older U–Pb ages (but
still within analytical error), have higher HREE content.
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Table 4.5: LA–ICP–MS zircon rare earth element analyses.
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Figure 4.12: Chondrite-normalized (Sun and McDonough, 1989) plot of zircon REE
LA–ICP–MS analyses.
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Figure 4.13: Zircon REE, U–Pb, and Ti-in-zircon comparisons. A1: YbN/GdN
versus Ti-in-zircon calculation temperature for individual zircon. Diamonds with
green overlay are type II zircon; squares with pink overlay are type I zircon. There
is no noticeable correlation between an increase in the temperature based on the
YbN/GdN ratio. A2: Temperature histogram from type II zircon, based on Ti-inzircon thermometry method of Watson et al. (2006), where by zircon formation if in
equilibrium with rutile and quartz. Average temperature for the type II zircon is ~
685°C. (b) YbN/GdN versus 207 corrected U–Pb zircon age. A trend line is plotted
for type II zircon only. A weak positive correlation is seen between YbN/GdN versus
207 corrected U–Pb zircon age, R2 = 0.65. Higher YbN/GdN values correspond to an
enrichment in HREE. (c) Total REE ppm (ΣREE) versus 207 corrected U–Pb zircon
ages. (d) A clear distinction between type I and type II zircons is seen based on
their ΣREE values.
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4.7.2 Garnet Rare Earth Element Chemistry
Garnet cores are characterized by HREE enrichment LaN/DyN = 5–30, average
= 18 with negligible Eu anomalies Eu/Eua = 1.40–0.55. This garnet type is
restricted to larger (<500 µm) inclusion rich cores. Only 3 of the 19 analyses are
represented by this garnet type with the most extreme HREE values represented by
garnet core 1.5 (Figure 4.14a and Table 4.6). The cores of smaller inclusion-free
garnets (<75 µm) differ substantially from their larger counterparts. They are
classified as “mantle” type meaning the cores of small garnets. This rule does not
apply to garnet 6, which has diameter of ~ 200 µm and a core which has similar
geochemical affinities to smaller mantle garnets. A clear distinction is observed
from core to mantle HREE contents based on a ratio to their respective rims. With
(LaN/DyN core)/ (LaN/DyN rim) avg = 22.02 and (LaN/DyN mantle)/(LaN/DyN rim)
avg = 1.87. All garnet rims have flat to concave down HREE patters (Figure 4.14a)
with LaN/DyN = 3.31–0.23 and no Eu anomalies (Eu/Eua avg = 0.98).
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Figure 4.14: (a) Chondrite normalized REE values for separate garnet domain. (b)
REE partition coefficients between zircon and coexisting garnet. Calculated from
the average elemental content for each domain (core, mantle, and rim).
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Table 4.6: Garnet REE contents from ATE01. Eua = √(SmN x GdN). Nb = element
normalized to chondrite.
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Trace element partition coefficients were calculated between zircon and garnet
core, mantle and rim. Strong partitioning of Ho-La (Figure 4.14B, Table 4.7) into
type II zircon relative to garnet rims is demonstrated by the Lu/Dy coefficient ratio
((La/Dy)Dzr/grt rim) = 8.53. Zircon vs. garnet mantle are lower at (La/Dy)Dzr/grt mantle =
4.35 and the lowest partition coefficients are seen between zircon and garnet core,
(La/Dy)Dzr/grt core = 0.76.
Table 4.7: a calculated from average core, mantle, rim composition. b ratio of
coefficient values.
Gt. core a

Gt. mantle

Gt. rim

La

0.23

0.11

0.19

Ce

2.96

0.52

3.74

Pr

2.96

0.96

4.45

Nd

0.89

0.17

0.73

Sm

1.14

0.19

0.34

Eu

0.61

0.14

0.22

Tb

0.69

0.40

0.44

Dy

0.71

0.62

0.71

Ho

0.67

0.92

1.16

Er

0.68

1.42

2.11

Tm

0.61

1.78

3.14

Yb

0.54

2.14

4.41

Lu

0.54

2.71

6.09

45825

2462

110162

0.76

4.35

8.53

Hf
Lu/Dy

b

4.8 Ti-in-Zircon Thermometry
Titanium and other trace element concentrations were acquired via LA–ICP–
MS at the same time as the REE (Table 4.5). Some of the analyses show high Ti
content (>20 ppm), which coupled with higher Ca, P, or Y abundances suggests
that micron-scale inclusion phases have contributed to the analyses.
Therefore, discussion of Ti-in-zircon abundance is restricted to analyses of
metamorphic zircon where the low abundance of other elements such as Ca
suggests that the Ti is present in the zircon, not partially in inclusion phases. For
these sites Ti abundance is well beyond analytical error from 9.4 to 2.8 ppm (Table
4.5).
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The temperature of zircon crystallization can be established by the Ti
concentration of zircon in equilibrium with rutile and quartz (Watson and
Harrison, 2005), a criterion met by the Attunga metamorphic zircons. Using the
Ferry and Watson (2007) recalibration of this thermometer (log(Ti ppm) = 5.711–
4800/T - log (aSiO2) + log(aTiO2), with T = temperature in kelvins), temperatures
range from 612 ± 7 to 770 ± 8°C, suggesting eclogite zircon crystallization over an
~ 160°C range (Figure 4.13A2).

4.9 Zircon Hf Isotope Data
All of the initial 176Lu/ 177Hf measured in the Attunga zircon have ratios lower
than 0.003. Twenty-seven Lu–Hf analyses are undertaken on 22 ATE01 zircons
(Table 4.8). εHf(0) (present-day) values range from +17.5 to –6.0, with εHf(t) up to
+17.7 (Figure 4.15). Most of the εHf(t) values are > +10, with an weighted mean
average of 13.5 ± 0.8, congruent with estimates of contemporaneous depleted
mantle compositions. This is further illustrated by depleted mantle model ages
(Table 4.8), which range from ~ 710 to ~ 460 Ma, equal to or in some cases
slightly older than U–Pb zircon ages.
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Table 4.8: Summary of zircon LA–ICP–MS Lu–Hf data. 1. CHUR values from
Bouvier et al. (2008). 2. This uncertainty is the combined in-run standard error and
the external reproducibility of standards for each session added in quadrature. 3.
Depleted mantle model ages calculated using estimates of 176Hf/177Hf = 0.283251
and 176Lu/177Hf = 0.0389 for the modern upper mantle.
N.D. No SHRIMP U–
Pb analyses available for these grains. * Lu–Hf analysis undertaken on sites without
U–Pb age. Average of zircon used to determine initial isotopic values and T(DM)
model ages.
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Figure 4.15: εHf(t) values versus U–Pb zircon ages. εHf(t) values for the Attunga
zircons lie on the DM-MORB line. εHf(t) values from the Moeche Ophiolite, NW
Iberia (Arenas et al., 2014), have been added to illustrate the formation of mafic
crust in a continental rift setting whereby juvenile magmas have interacted with
older continental crust. DM (depleted mantle) values from Nowell et al. (1998).
Present-day continental crust 176Lu/177Hf ratios of 0.0113 from Wedepohl (1995).
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4.10 Discussion and Interpretations
4.10.1.1 Protolith Characteristics for the Attunga Eclogite
Shaw and Flood (1974) describe the Attunga eclogite as derived from ocean
floor basalt, based on the Ti–Zr–Y discrimination diagram of Pearce and Cann
(1973). Many other tectonic discrimination diagrams illustrate that the Attunga
eclogite protolith is likely to be ocean crust formed proximal to a convergent plate
boundary (Figure 4.5). Plotted on a primitive mantle normalized spider diagram
(Figure 4.4), ATE02 is slightly more enriched in LREE relative to ATE01. Apart
from this minor difference, they both have similar signatures and indicate a
depleted harzburgitic mantle source which is a consistent signature throughout
most of the Weraerai terrane (Rogers, 1986; Breyley, 1990; Aitchison et al., 1994;
Yang and Seccombe, 1997). Yang and Seccombe (1997) also suggested that
dolerites contained within the serpentinite mélange along this northern portion of
the Weraerai terrane near Attunga are transitional in nature between MORB and
island arc basalts. This is due to their flat to very slight LREE enrichment relative
to the HREE and minor depletion of Ti, which are indicative of a suprasubduction
zone ophiolite setting. Large anomalies of Ba and U are thought to be the product
of metamorphism/metasomatism. Thus, a suprasubduction zone setting is proposed
for the formation of the Attunga eclogite gabbro protolith.
Two previous zircon studies have been carried out on the Attunga eclogite to
constrain the protolith and timing of metamorphism. The first was an abstract by
Watanabe et al. (1999), who provided an undocumented magmatic zircon age of
650 Ma and an eclogite metamorphic zircon age of 570 Ma. More recently,
Phillips et al. (2015) reported U–Pb zircon ages to 520 Ma and 480 Ma. They
suggest that both of these ages represent eclogite facies metamorphism, based on
the depleted HREE content of zircons analyzed and therefore coeval growth with
garnet. This interpretation requires the age for the protolith to be older than the
Early Cambrian metamorphic age with this protolith age unknown. Our results
confirm that two distinct U–Pb zircon ages occur, both of which are within error
for those proposed by Phillips et al. (2015). However, in contrast to the conclusion
reached by Phillips et al. (2015), we do make clear distinctions between the dark
CL cores, corresponding to an older igneous age of ~ 530 Ma and the lighter
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patchy zircon, corresponding to a younger U–Pb age of ~ 490 Ma. Phillips et al.
(2015) describe one zircon with an older rim age than the core of the same zircon
(473 ± 8 Ma and 507 ± 8 Ma, respectively). The authors use this relationship in a
single zircon to argue for two separate periods of metamorphism. We suggest that
this is a reflection of the complexity associated with the interpretation of U–Pb
isotopic systems in recrystallized and/or zircon affected by metamorphism,
whereby high-U zircon can lose more radiogenic Pb in later events. Generally, our
zircon rims and recrystallized zones fell into the younger ~ 490 Ma age, while
igneous cores were ~ 520 Ma.
Our argument that these zircon cores represent earlier magmatic crystallization
event is reinforced by our zircon REE data. REE patterns for type I zircon are
typical of magmatic zircons that have grown in the presence of plagioclase crystals
which have preferentially scavenged Eu2+ (substituting for Ca2+) (Weill, 1973).
Type I zircons also exhibit positive Ce anomalies in comparison to type II.
Magmatic zircons are often characterized by this feature due to the propensity of
Ce(IV) to be incorporated into zircon during crystallization (Ballard et al., 2002).
In addition to U–Pb and REE zircon data, we provide Lu–Hf data on the zircons
to constrain the relative influence that continental crust may have had during
crystallization and hence establish if the protolith was essentially juvenile oceanic
crust or a continental affected marginal ocean. The Lu–Hf isotopic system within
zircon is often described as being robust, even if there has been a disturbance to
the zircon crystal lattice which hosts it (Hoskin and Black, 2000). Zircons
crystallized from either fluids or a secondary melt, under metamorphic conditions,
exhibit initial 176Lu/177Hf ratios mirroring the rock matrix. These ratios are usually
greater than 0.014 (Gerdes and Zeh, 2009). When compared to igneous zircon,
which retain higher portions of nonradiogenic Hf, lower initial 176Lu/177Hf are
observed (<0.002). For the Attunga zircons, we see very similar 176Lu/177Hf ratios
for both type 1 and type II zircons, of which the ratio is near equivalent to zircons
from an igneous source (<0.002) (Gerdes and Zeh, 2009).
The U–Pb age of ~ 530 Ma for Attunga type I zircon is within error of the
average Hf T(DM) model age of ~ 550 Ma. This indicates that the magmatic
protolith was derived entirely from a juvenile depleted mantle source, with no
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detectable input from an older crustal reservoir (Griffin et al., 2004). Thus, if the
protolith of the Attunga eclogite were associated with back-arc spreading behind a
long-lived Andean-type arc on the Gondwanan margin, or it was influenced by the
subduction of sediments derived from continental areas, zircons would be
expected to show a spread toward lower initial
εHf(t). An example of continental affected ocean crust is the Paleozoic Moeche
Ophiolite, NW Iberia (Arenas et al., 2014), and the Cuomuqu ophiolite in North
Tibet (Zhengxin et al., 2015). The Moeche Ophiolite is sourced from a short-lived
ocean basin formed in a proximal continental setting in the Devonian. Initial εHf(t)
values of less than -5 for Devonian zircon illustrate that their source was not
juvenile in nature and hence were not formed in the Rheic Ocean distal from
continental crust (Arenas et al., 2014). Furthermore, the presence of Proterozoic
xenocrysts in the Moeche Ophiolite is direct evidence of the involvement of older
crust. The Meso-Tethys Middle-Late Jurassic Cuomuqu ophiolite has initial εHf(t)
values of -16.1 to +10.1, with most being between +2.8 and +7.6. The Cuomuqu
ophiolite is interpreted to have formed in a back arc, behind an intra-oceanic
(boninitic) island arc. Rare negative εHf(t) values may originate from the
subduction of minor amounts of continental sediment (Zhengxin et al., 2015). The
setting proposed for the formation of the Attunga eclogite by Phillips et al. (2015)
is similar to the Paleozoic Moeche and Jurassic Cuomuqu ophiolites in regard to
its proximity to continental crust. However this interpretation is incompatible with
our highly positive Hf isotopic data.
The εHf(t) values of ~ 14 clearly demonstrate a juvenile depleted mantle source
for the Attunga eclogite protolith (Figure 4.15), with no continental influence. So
either the ophiolitic protolith developed within a nascent intra-oceanic island arc,
or it developed in a back-arc or setting that was so extensive as to remove any
influence of continental crust. The Tonga-Kermadec arc (Kemp et al., 2009) may
be a valid modern analogue of the back-arc model where spreading in the Tasman
Sea removed slivers of the Australian crust to New Zealand and the Lord Howe
rise (Cluzel et al., 2001) before the arc developed in an entirely intra-oceanic
setting. However, there is no geological evidence of older Delamerian continental
crustal ribbons or Gondwanan inheritance within the early Paleozoic (pre-latest
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Devonian) rocks of the New England Orogen. All that can be said is that the
juvenile ~ 530-520 Ma oceanic crust the protolith of the Attunga eclogite was
subducted and eclogitized by ~ 490 Ma. We suggest that the simplest and most
likely tectonic setting for this to occur is within a forearc region where a suprasubduction zone ophiolitic basement is tectonically eroded by the downgoing plate
and subsequently eclogitized with the cycle of forearc ophiolite formation to
consumption taking 30-40 million years in this case.
4.10.1.2 Eclogite Metamorphism
In the Attunga zircons we see two discrete events, ~ 530 Ma and ~ 490 Ma. Low
Th/U ratios <0.1 found in ATE01 type II zircons are characteristic for
metamorphic/recrystallized zircon (Hoskin and Black, 2000; Rubatto, 2002; Corfu
et al., 2003), along with homogeneous or sector-zoned structures in CL images. The
decrease in the U, Th contents from >150 ppm for magmatic cores and <10 ppm for
metamorphic zircon has been noted for eclogite facies zircon from other terranes
(Gebauer et al., 1997; Liati and Gebauer, 1999; Rubatto et al., 1999; Zheng et al.,
2005). Thus, we agree with Phillips et al. (2015) that high-grade (eclogite) facies
metamorphism occurred at 490–480 Ma, but our REE data indicate that the ~ 530
Ma cores are igneous zircons equivalent to the ~ 530 Ma gabbros at Bingara hosted
in the same serpentinite mélange (Weraerai terrane).
Based on REE contents, three types of garnet morphology exist, core, mantle,
and rim. Garnet cores are characterized by HREE enrichment with a subsequent
steep REE profile and negligible Eu anomalies. This type is restricted to inclusionrich cores of larger garnets (>500 µm). No analysis was taken between these cores
and their rims, though smaller, inclusion-free garnet cores are represented by
intermediate HREE contents between core and rim values with the latter having flat
to depressed HREE contents. No Eu anomalies are seen in any of the garnet
domains, suggesting that plagioclase was not stable during the formation of garnet.
Depletion of HREE from core > mantle >rimis reinforced by REEDzr/grt trace
element partition coefficients (Figure 4.14b). Early garnet cores formed in the
absence of recrystallizing zircon at high enough metamorphic pressure for
plagioclase not to be stable. This is based on the (La/Dy)Dzr/grt core values which are
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close to 1.0. Mantle (La/Dy)Dzr/grt mantle garnet values are ~ 4.4 and garnet rim
values are ~ 8.5. This indicated that intermediate garnet mantle growth was
crystallizing in an environment where zircon was starting to compete with garnet
for HREE, with rim values showing the most extreme values. These REE trace
element partition coefficient values are comparable to data presented by Rubatto
(2002) with the author presenting (La/Dy)Dzr/grt core = 0.5 and (La/Dy)Dzr/grt rim = 3.0.
Similar results are also presented by Schaltegger et al. (1999) and Rubatto and
Hermann (2003).
The determination of the pressure and temperature conditions for the Attunga
eclogite by Shaw and Flood (1974) relied on the partitioning of Fe and Mg between
coexisting garnet and pyroxene. Their results derived temperatures in the range
290–600°C at 7– 12 Kb. Issues associated Fe and Mg ion exchange include the
assumption that the cores of garnet and omphacite are at equilibrium with one
another at peak metamorphic conditions (Krogh Ravna and Paquin, 2003). This
method also relies heavily on the oxidation state of iron in garnet and pyroxene.
This is often unknown, or calculated with a large margin of error (Spear, 1993;
Carswell and Zhang, 1999), with some authors suggesting that the associated error
may be as large as ±85°C (Krogh Ravna and Terry, 2004) to ±100°C (Carswell and
Zhang, 1999).
An alternative thermometer is offered by the distribution of Ti-in-zircon, found
in equilibrium with rutile in quartz. Watson and Harrison (2005) propose that the
Ti-in-zircon thermometer usually incurs errors of ±10°C or less, and thus, this is
more robust than garnet-pyroxene cation exchange thermometer. A requirement for
accurate thermometry by Ti-in-zircon method is that zircon is in equilibrium with
quartz and rutile. Figures 4.6a1 and 4.6a2 illustrates rutile forming prior to
regressive titanite rims. Recrystallized type II zircon domains are in equilibrium
with these rutile cores. Rutile and quartz are preserved as inclusions within
omphacite (Figures 4.6f and 4.6g). The Ti-in-zircon temperatures for Attunga
metamorphic zircon range from 612 to 770°C. This ~ 160°C range of zircon
metamorphic zircon growth in eclogite facies rocks has also been described by Di
Vinchenzo et al. (1997), Zheng et al. (2005), and Ota and Kaneko (2010).
Mineral inclusions within the cores of large garnets include quartz, albite, and
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epidote (Figure 4.S2 and Table 4.S2). With the exception of quartz, none of these
minerals are stable at peak eclogite metamorphic conditions (Holland, 1983).
Garnet possibly acts as a pressure vessel, shielding lower grade metamorphic
mineral phases as reported elsewhere (Di Vincenzo et al., 2016). Phillips et al.
(2015) propose that the cores of the larger garnets represent peak conditions, due to
the presence of glaucophane, lawsonite, and high-pressure omphacite. They used
these mineral phases to calculate peak metamorphic conditions. We did not find
these mineral phases in our investigations, and therefore, our P/T history may differ
slightly from that of Phillips et al. (2015). Peak metamorphic conditions were
slightly higher based on our Ti-in-zircon data (blue area, Figure 4.16). The
retrograde path passed between the rutile/titanite and garnet stability field (green
area, Figure 4.16). Here the jadeite content (Jd = ~ 20) of the matrix omphacite is
reached. All of these occur at a slightly higher pressure than that proposed by
Phillips et al. (2015). We propose that type II zircon occurred around peak
metamorphic conditions (<770°C). Scant data from Figure 4.13b may demonstrate
that apparently younger type II zircon has lower HREE contents, whereas
apparently older ones have higher HREE contents, which may reflect zircon’s
preference to host HREE over garnet (Rubatto, 2002). This could demonstrate a
prograde environment for the type II zircons displaying apparent lower
temperatures. Thin zircon rims (type III) are present around many of type I and II
zircons (Figure 4.9). In most cases they are too thin for SHRIMP or LA–ICP–MS
analysis and therefore our interpretation of them is limited. These thin zircon rims
are, however, common in terranes which have undergone metamorphism while in
the presence of high fluid flux, which allows the relative immobile zircon to
undergo dissolution and reprecipitation (Wayne and Sinha, 1992; Williams et al.,
1996; Hacker et al., 1998).
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Figure 4.16: P-T path for the Attunga eclogite combined with data from Phillips et
al. (2015). Initial garnet growth, with the inclusion of albite (Ab), quartz (Qtz), and
epidote (Ep). Peak pressure reached at 2.2 GPa (after Phillips et al., 2015). Increase
of temperature with the eclogite moving out of the epidote stability field, while
garnet growth continued. Ti-in-zircon thermometry indicates that zircon
recrystallization occurred between 610 and 770°. This was coeval with garnet
growth. Matrix pyroxene equilibrated at a lower temperature with an average
jadeite composition of 20 (Jd = 20) from the analysis in this study. This is in
agreement with Phillips et al. (2015). Peak temperature calculation by Phillips et al.
(2015) place this position at a lower pressure, though the P-T trajectory ploted here
still passes through it. (a) Peak pressure calculated from garnetcore-omphicate
thermometry from Phillips et al. (2015). (b) Peak temperature from garnetrim-matrix
omphacite and jadeite barometry calculations from Phillips et al. (2015). Jadeite
isopleths after Holland (1983). Garnet curve after Poli (1993) Rutile (Rt) and
titanite (Tnt).
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4.10.1.3 Eclogite Emplacement and Tectonic Evoultion
40

Ar/39Ar ages for blueschist-lawsonite blocks from Glenrock and Pigna Barney,

by Phillips et al. (2015), are within error with eclogite facies metamorphism for the
Attunga eclogite presented here. Previously, Middle Ordovician K–Ar ages (465–
480 Ma) (Fukui et al., 1995) for these samples have always been treated with
caution, due to difficulties arising from excess argon giving erroneous older ages
(Kelley, 2002). Age data presented by Phillips et al. (2015) on these blueschist
blocks may suggest two things: (1) these mafic blocks were exposed to blueschisteclogite facies conditions within the same subduction zone which was responsible
for the Attunga eclogite at 480–490 Ma or (2) there has been an amalgamation of
two separate metamorphic terranes, such as shown for the Motagua fault zone,
Guatemala (Harlow et al., 2004). We favor the simpler first interpretation.
The mechanisms which lead to the detachment and exhumation of dense HP-LT
metamorphic rocks within convergent margins are still poorly understood (Ring et
al., 1999; Jolivet et al., 2003; Agard et al., 2009). Numerous models have been
proposed in order to explain decoupling of these rocks from the downgoing plate.
These have been outlined by Guillot et al. (2009), and they include corner flow
(Platt, 1986), channel flow (Cloos, 1982), extensional collapse (Dewey et al., 1993),
buoyancy assisted by erosion and tectonic processes (Chemenda et al., 1995), and
formation of a serpentinite channel (Guillot et al., 2001). Out of these processes,
only the latter two are thought to be responsible for the movement of allochthonous
HP-LT blocks from depths no greater than 70 km (Burov et al., 2001; Agard et al.,
2009) back to the surface in a serpentinite mélange. It has been found that the
exhumation of these HP-LT oceanic materials is not a continual process and across
most paleoconvergent margins are constrained to discrete 10–50 Ma time periods
(Agard et al., 2009). Examples of perturbations include initiation of subduction
(Anczkiewicz et al., 2004), subduction of buoyant material (Ernst, 1988; Cloos,
1993; Arculus et al., 1999; Ernst, 2001), change in convergence direction (Agard et
al., 2006), and slab break off (Von Blanckenburg and Huw Davies, 1995). These
can occur at any point during convergence, and therefore, changes to the “normal”
state of convergence are needed in order to exhume metamorphosed unites to the
surface.
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Due to the Attunga eclogite’s intimate relationship with its serpentinite mélange
host, we also suggest that initial removal from either the downgoing slab (footwall)
or the hanging wall of the overriding plate was via an active serpentinite channel
and low-density serpentinite diapirs rising from it. Serpentinite may have been
sourced either from peridotite of the subducted oceanic crust (Chalot-Prat et al.,
2003; Whitney and Davis, 2006) or from the hydration of the mantle wedge (Guillot
et al., 2001; Scambelluri et al., 2001; Fitzherbert et al., 2004; Guillot et al., 2004). A
modern analog for this may be the setting, giving rise to the serpentinite/mud
volcanoes in the fore-arc region of the Izu-Bonin-Mariana arc that extrude
blueschist blocks (Fryer et al., 1999).
The model proposed by Phillips et al. (2015) for the exhumation of the Attunga
eclogite revolves around the forced flow of high-pressure rocks upward, with their
preservation located below the evolving arc edifice. Even after extensive rollback
extension, the high-pressure assemblages and the ophiolite would have been
coupled to the convergent margin. Hence, formation of the Attunga eclogite in this
model occurred during an incipient period of low-angle subduction in the
Cambrian. Following this, Phillips et al. suggest that the eclogite was preserved
beneath its suprasubduction zone protolith, which itself was located below the
continental basement of eastern Gondwana, as part of the Delamerian Orogen until
its exhumation to the surface in the Early Permian. Only a few eclogites worldwide
have been specifically associated with slab rollback and exhumation, and these
include eclogites in the Mediterranean (Jolivet et al., 2003). Typically, these
eclogites are associated with asthenospheric upwelling and characterized by garnet
peridotites (Medaris, 1999). However, garnet peridotites are yet to be discovered
anywhere in the Tasmanides.
While the analysis of a single eclogite cannot determine subduction polarity, the
geological context of the host and neighboring rocks can provide ample evidence.
The long-lived westerly dipping subduction models (Leitch, 1975; Cawood, 1983;
Phillips et al., 2015) would have the Attunga eclogite forming in the same
subduction zone responsible for the Delamerian Orogen during the Late Cambrian
before being rifted and being incorporated into the New England Orogen as a
ribbon of older continental crust separate from Gondwana by an extensive back-arc
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basin.
Phillips et al. (2015) suggest that the Attunga eclogite formed in a fore-arc
marginal to Gondwana between 540 and 530 Ma and may be spatially connected to
the Delamerian Orogeny. In their model, high-pressure rocks were preserved in the
fore arc of the Macquarie Arc, above a westerly dipping slab, where they remained
at 30–53 km depth with their HP assemblages surviving despite numerous later
orogenic events and extensive plutonism, until their exhumation to the surface at
280 Ma (Lanphere and Hockley, 1976; Shaw and Flood, 1981; Korsch and
Harrington, 1987; Offler and Foster, 2008; Shaanan et al., 2015). This model does
not accommodate any addition of exotic Panthalassa oceanic crustal material via a
more complex subduction architecture throughout the entire ~ 300 Ma evolution of
the Tasmanides. The model suggests that the tectonic evolution of eastern
Gondwana was somehow uniquely devoid of arc-continent collisions despite the
numerous examples of arc-continent collisions in modern and ancient orogens, for
example, Taiwan (Huang et al., 2008), Oman (Searle et al., 2004), the ancient
southern margin of Tethys in Ladakh (Corfield et al., 1999), Cyprus (Robertson,
2004), and the Kamchatka Peninsula in the NW Pacific (Hourigan et al., 2009).
We feel that there is insufficient data to make comparisons to existing
tectonostratigraphic elements within the Delamerian Orogen some 1200 km to the
west, even though the Delamerian ophiolites are of similar age to the Attunga
eclogite. Instead, we do point out that the Attunga eclogite protolith age is identical,
within error, of the nearby ophiolitic plagiogranites and gabbros dated by Aitchison
and Ireland (1995) within the serpentinite mélange along strike at Bingara only 100
km away. It is likely that terranes associated with the Cambrian Attunga eclogite
interacted with other intra-oceanic terranes (i.e., the Gamilaroi island arc terrane)
prior to its accretion in the Devonian (Stratford and Aitchison, 1997) and that these
interactions may have been the precursor for the initial exhumation of the Attunga
eclogite, along the Peel Fault during the Early Permian.
We favor building on the alternative model of island arc collision associated
with a period of east dipping subduction before collision and a subduction flip, as
was originally proposed by Aitchison and Flood (1994) and later supported by
Offler and Murray (2011) and Glen (2013) (Figure 4.2). We suggest that the
111

Attunga rocks must have been exhumed to high crustal levels shortly after they
experienced peak P-T in order to avoid complete retrogression (Figure 4.17). The
eclogite blocks were preserved in a separate Panthalassa intra-oceanic subduction
system not associated with the Macquarie Arc or Delamerian Orogen (Figure 4.2).
Modification of the serpentinite to its present form along the Peel Fault most likely
did not occur until the Early Permian, based on the earliest occurrence of
serpentinite clasts in the Early Permian Manning Group (Offler and Williams, 1987;
Aitchison and Flood, 1992; Aitchison et al., 1997) and their absence in older
sedimentary sequences in the region.

Figure 4.17: Upward migration of serpentinite below a nascent oceanic island arc
results in the mixing of material of differing metamorphic grade and age. Surface
expression may resemble the modern serpentinite mud volcanoes of the Izu-BoninMariana fore arc. Rocks from either side of the serpentinite channel are plucked off
and incorporated into the mélange.
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Other occurrences of Cambro-Ordovician units along the Peel Fault are rare, and
their relationship to one another is difficult to establish. These early Paleozoic units
include volcanoclastic rocks of the Murrawong Formation (Stewart, 1995; FureyGreig, 1999, 2000), Early to Middle Ordovician blueschist blocks at Pigna Barney
and Glenrock (Fukui et al., 1995; Och et al., 2003), and a 445 Ma U–Pb zircon age
for an amphibolized gabbro block (Offler and Shaw, 2006). It is likely that these
early Paleozoic units developed in a similar or the same intra-oceanic subduction
system as the Attunga eclogite but importantly they contain no Gondwana
inheritance.
Other Paleozoic Panthalassa Ocean-derived exotic terranes have been identified
elsewhere around the circum-Pacific as having been accreted onto active
continental margins. These include the Late Silurian to Late Devonian Pearya and
Alaska-Chukota terranes which accreted onto the northern Laurentia margin
(Hadlari et al., 2013; Nekrasov and Bogomolov, 2015) and the Carboniferous to
Permian Chilenia and Patagonia terranes accreted onto the west Gondwanide
margin (Willner et al., 2010; Martínez et al., 2012). Both of these margins are not
dissimilar to the Tasmanides and the New England Orogen, with a combination of
continental margin subduction and allochthonous terrane accretion contributing to
the creation of continental crust.
Our zircon morphology, geochronology, zircon/garnet REE, and Hf isotope data
indicate that the protolith for the Attunga eclogite formed as a suprasubduction,
fore-arc ophiolite at ~ 530 Ma and was isolated far enough from continental crust in
order for it to have an entirely juvenile signature. Eclogite facies metamorphism
occurred at ~490 Ma, after which we argue for prompt exhumation to higher crustal
levels rather than residence in the deep crust for hundreds of millions of years. It is
unlikely that the Attunga eclogite is associated with either the Delamerian or
Lachlan orogens or that these older orogens underlie the New England Orogen
given the complete lack of any Lachlan-derived blocks (e.g., quartzites) within the
serpentinite mélange. The Attunga eclogite represents remnants of the offscraped
(underplated) and subducted portions of a structurally overlying Cambrian fore-arc
ophiolite (Weraerai terrane). It is now recognized that around three quarters of
subduction systems are tectonically erosive and only one quarter accretionary (Von
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Huene and Scholl, 1991). Therefore, we suggest that the Attunga eclogite represents
the tectonically eroded and subducted equivalent of gabbroic material of the
Cambrian ophiolitic Weraerai terrane that would have been positioned on the
overriding plate in a fore-arc intra-oceanic setting.

4.11 Conclusions
1.

The protolith of the Attunga eclogite within the serpentinite mélange of the

Weraerai terrane of the New England Orogen has transitional MORB to
suprasubduction zone geochemical affinities. It contains relict magmatic (high U,
Th/U) zircon cores with a U–Pb age of 534 ± 14 Ma. This is the same as zircon
ages obtained from nearby ophiolitic gabbro within serpentinite mélange at Bingara
(Aitchison and Ireland, 1995), suggesting that they are tectonically eroded and
subducted elements of the same suprasubduction zone ophiolite.
2.

Low U, Th/U recrystallized zircon of metamorphic origin formed at 490 ±

14 Ma and shows variable depletion of heavy rare earth elements relative to igneous
zircon and no Eu anomalies. Therefore, this zircon records eclogite facies
metamorphism that occurred some 40 Ma after formation of the ophiolitic protolith
of the Weraerai terrane. The mean initial εHf(t) of the zircons is +13.5 ± 0.8. Thus,
the protolith represents juvenile Cambrian crust that experienced eclogite facies
metamorphism shortly after it formed and therefore did not originate in a
continental margin or back-arc setting.
3.

Depletion of HREE in garnet rims and element partitioning between type II

zircon/garnet strongly indicate that garnet rims formed coeval to the formation of
recrystallized zircon at 490 ± 14 Ma. This latter U–Pb zircon age represents eclogite
facies metamorphism.
4.

The integrated whole rock geochemistry and zircon isotope data suggest

that the Attunga eclogite formed in an oceanic realm far from any continental
influence and was later accreted onto the Gondwanan margin during the latest
Devonian collision of the island arc Gamilaroi terrane.
5.

The Attunga results require that in the early Paleozoic, eastern Gondwana

margin grew by combination of two alternating tectonic processes: (1) westerly
dipping subduction beneath Gondwana to produce an Andean-type continental
margin and (2) collision and accretion of exotic oceanic terranes via east dipping
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subduction zones. Given that the disrupted mélange of the Weraerai terrane is
situated adjacent the Gamilaroi and Djungati terranes, it is possible that it represents
the basement oceanic crustal material on which the younger island arc and
accretionary complex.
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Field outcrop images for Attunga eclogite.
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zircons.
Microprobe data from garnet inclusions.
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Figure 4.S1: Field location and outcrop for the Attunga eclogite on Wisemansarm
Road, NSW.
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Appendix A. Lu–Hf data for standards
174

Analysis Name

Hf/177Hf

1SE

178

Hf/177Hf

1SE

176

Lu/177Hf

1SE

176

Hf/177Hf

1SE

εHf(0)

1SE

Standards (Nov. 2013)
QGNG1.1

0.008675659

1E-05

1.46753199

6.42E-05

0.000874386

2.01E-05

0.28157974

1.71E-05

-42.6211

0.604854

QGNG1.2

0.008661702

1E-05

1.467666015

5.24E-05

0.000946191

2.09E-06

0.281630271

1.75E-05

-40.8342

0.620412

QGNG1.3

0.008657118

1E-05

1.46771238

5.26E-05

0.00097582

2E-06

0.281639275

1.62E-05

-40.5158

0.57245

QGNG1.4

0.008636056

1E-05

1.467661874

7.39E-05

0.000644252

9.52E-06

0.281588066

1.96E-05

-42.3267

0.694499

QGNG1.5

0.008674033

1E-05

1.467688063

4.31E-05

0.000545268

1.6E-06

0.281587217

1.37E-05

-42.3567

0.485461

QGNG1.6

0.008649707

1E-05

1.467671906

5.03E-05

0.000961966

1.61E-05

0.281597734

1.31E-05

-41.9847

0.464079

QGNG1.7

0.008611872

2E-05

1.46758901

8.17E-05

0.001125696

3.41E-05

0.28159789

1.92E-05

-41.9792

0.679993

QGNG1.8

0.008655717

2E-05

1.467631017

3.87E-05

0.000581672

2.11E-07

0.281578168

1.25E-05

-42.6767

0.440752

QGNG1.9

0.008670097

2E-05

1.467646239

5.67E-05

0.00092659

6.56E-06

0.28160479

1.63E-05

-41.7352

0.577558

1.467644277

5.47E-05

0.000842427

0.000202

0.28160035

2.15E-05

-41.8922

0.758776

0.281612

0.000006

-41.5

0.21

AVERAGES +/- 1SD
Accepted value (Woodhead and Hergt, 2005)
MUDTANK.1

0.008677334

7E-06

1.467605534

4.47E-05

1.78427E-05

1.09E-07

0.282534148

1.23E-05

-8.87077

0.436348

MUDTANK.2

0.008678288

9E-06

1.467588721

4.69E-05

1.5903E-05

1.2E-07

0.282494007

1.28E-05

-10.2902

0.452821

MUDTANK.3

0.008670753

8E-06

1.467667376

4.75E-05

1.76497E-05

1.09E-07

0.282512606

1.33E-05

-9.63256

0.469864

MUDTANK.4

0.008666138

6E-06

1.467629272

4.77E-05

1.23061E-05

1.2E-07

0.282494513

1.36E-05

-10.2724

0.482372

MUDTANK.5

0.008671066

8E-06

1.467664663

4.5E-05

1.38322E-05

1.13E-07

0.282492847

1.19E-05

-10.3313

0.419214

MUDTANK.6

0.008674064

8E-06

1.467649167

4.41E-05

9.57897E-06

1.22E-07

0.282507817

1.11E-05

-9.80189

0.393581

MUDTANK.7

0.008667863

1E-05

1.467676183

5.04E-05

2.31104E-05

1.66E-07

0.282527115

1.34E-05

-9.11947

0.474467

MUDTANK.8

0.008681782

9E-06

1.467583437

5.42E-05

2.12923E-05

1.9E-07

0.282510379

1.46E-05

-9.71128

0.517616

MUDTANK.9

0.008655404

1E-05

1.467632422

5.36E-05

5.16788E-05

3.3E-07

0.282502227

1.34E-05

-9.99958

0.472931

MUDTANK.10

0.008682635

9E-06

1.467648664

4.94E-05

1.67038E-05

1.28E-07

0.282507944

1.29E-05

-9.79742

0.45456

0.28250836

1.38E-05

-9.78269

0.488202

0.282507

0.000006

-9.83

0.21

AVERAGES +/- 1SD

4.83E-05

Accepted value (Woodhead and Hergt, 2005)
FC-1#1

0.008622792

1E-05

1.467390008

3.19E-05

0.001441037

4.64E-06

0.282204573

1.18E-05

-20.5254

0.418218

FC-1#2

0.008655102

1E-05

1.467432671

2.5E-05

0.000510827

1.1E-05

0.282165011

8.94E-06

-21.9244

0.316089

FC-1#3

0.008657485

1E-05

1.467420161

3.67E-05

0.00122265

9.5E-06

0.282181057

1.31E-05

-21.357

0.464285

FC-1#5

0.008649248

1E-05

1.467413905

3.41E-05

0.000474142

9.3E-06

0.282165278

9.22E-06

-21.915

0.326205

FC-1#6

0.008632394

9E-06

1.46737817

3.29E-05

0.001158438

1.3E-05

0.282172908

9.38E-06

-21.6452

0.331795

FC-1#7

0.008654652

1E-05

1.467393468

3.07E-05

0.001183017

3.97E-06

0.2821983

1.1E-05

-20.7472

0.389909

FC-1#8

0.008656132

1E-05

1.467443752

3.64E-05

0.001006695

3.05E-05

0.282192581

1.04E-05

-20.9494

0.368109

FC-1#9

0.008665237

1E-05

1.467401323

3.05E-05

0.000909608

1.19E-06

0.28216995

8.89E-06

-21.7498

0.314352

FC-1#10

0.008654197

1E-05

1.467390223

3.13E-05

0.001084048

2.31E-05

0.282182132

9.64E-06

-21.3189

0.340999

AVERAGES +/- 1SD
Accepted value (Woodhead and Hergt, 2005)

0.00099894

0.28218131

1.45E-05

-21.348

0.512446

0.001262

0.282184

0.000016

-21.25

0.57

Table 4.S1: The measured 178Hf/177Hf, 176Lu/177Hf and 176Hf/177Hf ratios for the
reference zircons.
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Figure 4.S2: Inclusions from garnet, ATE01 6. See table 4.4 for results. B: Epidote
inclusions within garnet ATE01 6.
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Sample

ATE01

Garnet

3

6

Inclusion

3.4

3.5

3.6

3.7

3.8

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

Mineral

Ep

Ep

Ep

Ep

Ep

Ep

Ep

Qtz

Ab

Ab

Qtz

Ep

Ep

Ep

SiO2

38.31

38.23

38.54

38.03

38.49

38.43

39.09

95.03

68.53

68.4

98.68

39.45

38.07

38.56

TiO2

0.17

0.24

0.22

0.19

0.2

0.23

0.24

bd

bd

bd

bd

0.26

0.23

0.27

Al2O3

28.28

28.39

28.57

28.6

27.98

28.32

27.9

0.63

20.58

20.65

bd

28.73

28

28.3

Cr2O3

0.11

0.07

0.05

0.07

0.06

bd

bd

bd

bd

bd

bd

bd

bd

bd

FeO

5.75

6

6.05

5.68

6.14

6.16

6.55

1.14

0.6

0.51

0.45

6.17

6.37

6.01

MnO

0.13

0.09

0.13

0.13

0.12

0.18

0.16

0.14

bd

bd

0.05

0.11

0.14

0.14

MgO

0.05

0.09

0.08

0.07

0.06

0.05

0.04

0.09

0.04

bd

bd

0.11

0.06

0.09

NiO

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

CaO

23.81

23.55

23.75

23.79

23.45

23.77

23.65

0.53

0.21

0.08

0.04

23.62

23.57

23.66

BaO

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

bd

Na2O

bd

bd

0.04

bd

bd

bd

bd

bd

12.36

12.71

bd

bd

bd

bd

K2 O

bd

bd

bd

bd

bd

bd

bd

bd

bd

0.05

bd

bd

bd

bd

P2 O4

bd

bd

bd

bd

bd

bd

bd

bd

bd

0.05

bd

bd

bd

bd

Total

96.61

96.66

97.43

96.56

96.5

97.14

97.63

97.56

102.32

102.4

99.22

98.45

96.44

97.03

O

12.5

12.5

12.5

12.5

2

8

12.5

12.5

12.5

8

2

12.5

12.5

12.5

Si

3.00

2.99

2.99

2.98

3.01

2.99

3.02

0.99

2.92

2.90

1.00

3.02

2.98

3.00

Ti

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.00

0.00

0.00

0.00

0.01

0.01

0.02

Al

2.61

2.61

2.61

2.64

2.58

2.60

2.54

0.01

1.03

1.03

0.00

2.59

2.59

2.59

Cr

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Fe3+

0.38

0.39

0.39

0.37

0.40

0.40

0.42

0.00

0.00

0.00

0.00

0.39

0.42

0.39

Fe2+

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.02

0.02

0.00

0.00

0.00

0.00

Mn

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.00

0.00

0.00

0.00

0.01

0.01

0.01

Mg

0.01

0.01

0.01

0.01

0.01

0.01

0.00

0.00

0.00

0.00

0.00

0.01

0.01

0.01

Ca

2.00

1.97

1.97

1.99

1.97

1.98

1.96

0.01

0.01

0.00

0.00

1.94

1.98

1.97

Na

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.00

1.02

1.04

0.00

0.00

0.00

0.00

K

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

X(Fe)

0.13

0.13

0.13

0.12

0.13

0.13

0.14

0.13

0.14

0.13

Table 4.S2: Microprobe data from garnet inclusions.
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5.1 Abstract
Early Paleozoic intra-oceanic terranes crop out along the Peel-Manning
Fault System, in the southern New England Orogen, NSW Australia. These
are the Cambrian ophiolitic Weraerai terrane and the Siluro-Devonian
island arc Gamilaroi terrane. There has been debate whether these terranes
formed at the Gondwana margin or if they are intra-oceanic, and were
accreted to Gondwana later in the Paleozoic. Major–trace–REE elemental
data indicate Weraerai terrane formed in a supra-subduction environment.
Rare zircons extracted from Weraerai terrane gabbro-plagiogranite suites at
Barry Station yield a U–Pb zircon date of 504.9 ± 3.5 Ma with initial εHf
values of +11.1 indicating a juvenile source. Amphibole-bearing felsic
dykes and net-vein complexes are also found within the gabbro with a U–
Pb zircon date of 503.2 ± 5.7 Ma and initial εHf values of +11.6. These are
coeval in age with their host rocks and we propose they represent partial
melts of the mafic crust during the circulation of seawater. The Gamilaroi
trondhjemites of prehnite-pumpellyite–greenschist metamorphic grade
terrane yielded very few zircons with an age of 413 ± 8.7 Ma. Zircon initial
εHf values range from + 5.0 to +2.9, indicating an input from an evolved
crustal source, unlike the purely oceanic Weraerai terrane. Gamilaroi
terrane trondhjemites are enriched in LREE have low K2O and K2O/Na2O
ratios and strong negative Nb anomalies consistent with supra-subduction
zone environments. Multiple subduction zones may well have existed
within the Panthalassa Ocean during the early-mid Paleozoic with the
Weraerai-Gamilaroi being accreted onto the Gondwanan margin during the
latest Devonian.
5.2 Introduction
The accretion of terranes from oceanic realms onto continental margins has
long been acknowledged as a key process contributing to the growth of continental
crust (Amato et al., 2009; Charvet, 2013; Howell et al., 1985; Lee et al., 2007;
Rioux et al., 2007; Sedlock, 1988). Tectonic models attempting to explain the
present day outcrop relationships between continental and oceanic terranes are
often difficult, because the original assembly architecture has been modified by
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later tectonic events (Dewey et al., 1973; Holdsworth et al., 1997; Johnson and
Woldehaimanot, 2003; Liu et al., 2017; Windley et al., 1990). During collision of
oceanic terranes with continental crust, the relative position of the oceanic terrane
on the upper or lower (down-going) plate is critical to preservation potential and
degree of metamorphism. Forward facing collisions of intra-oceanic arcs can lead
to obduction of these terranes onto continental margins due to their position on the
overriding plate. Backward facing collisions result in subduction of the back-arc
crust and partial subduction of the island arc system beneath the continental
margin and therefore much less potential for preservation (Draut and Clift, 2013).
Sutures between the two terranes are likely to develop into loci for extensive translateral movement, of which can further disperse and attenuate the accreted oceanic
terrane along the continental margin (McCaffrey, 1992), for example, the Coast
Range Ophiolite in California (Jayko et al., 1987).
The New England Orogen is the youngest orogen within the Tasmanides of
eastern Australia and contains intra-oceanic ophiolitic (Weraerai) and island arc
(Gamilaroi) terranes associated with the Peel-Manning Fault System (Figure 5.1).
Debate surrounds the autochthoneity of these oceanic terranes and the degree to
which allochthonous oceanic terranes contributed to continental crustal growth
within the Tasmanides (Aitchison and Buckman, 2012; Collins, 2002; Li et al.,
2015). Potentially allochthonous terranes, within their respective orogens include
the Proterozoic VanDieland, in the Delamerian Orogen (Cayley, 2011), the
Selwyn block and the Macquarie Arc in the Lachlan Orogen (Glen et al., 1998,
2007, 2011) and the
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Figure 5.1: A: Neoproterozoic–Triassic Tasmanide orogenic system, eastern
Australia. Classification after Glen (2005). B: The northern and southern portions
of the NewEngland Orogen. C: The southern New England Orogen in NSW.
Nomenclature based on scheme of Flood and Aitchison (1988).
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Weraerai, Gamilaroi and Gympie terranes of the New England Orogen (Aitchison
and Flood, 1994; Aitchison and Ireland, 1995; Buckman et al., 2015; Harrington
and Korsch, 1985; Offler and Gamble, 2002; Sivell and McCulloch, 2001; Sivell
and Waterhouse, 1988). One interpretation suggests the Tasmanides formed above
a long-lived westerly dipping subduction zone, with the forearc/back-arc crust
having undergone periods of extension and contraction (Cawood and Buchan,
2007; Cawood et al., 2011; Collins, 2002; Phillips et al., 2015). An alternative
interpretation is that the terranes mentioned above may have formed outboard of
Gondwana within the Panthalassa Ocean and were accreted onto the continental
margin, by subduction occurring on the continental side, the oceanic side, or both
(Aitchison and Ireland, 1995; Aitchison et al., 1992; Buckman et al., 2015;
Fergusson, 2003; Murray, 2007; Offler and Gamble, 2002).
We examine this controversy by investigating Weraerai and Gamilaroi terrane
mafic rocks and trondhjemites at Barry, SE of Tamworth, NSW. We
demonstrate the early Paleozoic age of these rocks by U–Pb zircon geochemistry
and their juvenile affinity via their whole rock geochemical signatures and the
positive εHf isotopic signatures of the magmatic zircons.
5.3 Geological Background
Eastern Gondwana underwent a period of crustal growth spanning the latest
Neoproterozoic to Triassic (Cawood, 2005; Kemp et al., 2009). Within the
New England Orogen (early Paleozoic–Mesozoic), a complex relationship
exists between small vestiges of disrupted Cambrian ophiolitic rocks
(Weraerai terrane), Siluro-Devonian intra-oceanic island arc complex
(Gamilaroi terrane), Ordovician-Devonian sediment-starved accretionary
complex (Djungati terrane), overlapping Carboniferous forearc basin sequence
(Tamworth Belt), Carboniferous to Permian continental accretionary complex
(Anaiwan terrane), and widespread latest Carboniferous to Triassic continental
arc-related granitic intrusions (Figure 5.1). The dismembered Cambrian
ophiolitic rocks of the Weraerai terrane occur within a schistose serpentinite
mélange along a major crustal discontinuity, the Peel-Manning Fault System
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(Aitchison et al., 1992). The Siluro-Devonian Gamilaroi terrane occurs
immediately to the west of the Peel-Manning Fault System and includes an
intra-oceanic island arc assemblage (Stratford and Aitchison, 1997). The
Ordovician–Devonian Djungati terrane is thought to be the sediment-starved
accretionary complex of the Gamilaroi terrane due to the presence of
isoclinally folded Ordovician chert pendants (Watonga Formation) within the
Devonian Tacking Point Gabbro at Port Macquarie on the coast (Buckman et
al., 2015). Both the Weraerai and Gamilaroi terranes are thought to have
accreted on to the Gondwanide margin during the latest Devonian (Aitchison
and Flood, 1994) which is recorded as the Kanimblan Orogeny in the Lachlan
Fold Belt (Buckman et al., 2015). Following this collision event, a
Carboniferous continental subduction zone developed along eastern Gondwana
(McPhie, 1987). The Hunter-Bowen Orogeny occurred at the Permo-Triassic
boundary, possibly as a result of the collision of the Permian Gympie terrane
in Queensland and was responsible for wide- spread strike-slip faulting, and
further dismemberment and dispersal of the Weraerai and the Gamilaroi
terranes (Aitchison et al., 1992; Collins, 1991; Lennox and Roberts, 1989).
Leitch (1975) initially proposed that the pre-Upper Devonian mafic units of the
Tamworth Belt (Gamilaroi terrane) formed in a forearc basin setting of a longlived, west-dipping subduction zone beneath eastern Australia. A long list of
researchers including Cawood et al. (2011), Glen (2005), Li et al. (2015) and
Phillips et al. (2015) have continued to develop this hypothesis of long-lived,
west-dipping subduction. In contrast, an alternative model involving both
continental margin arc and the accretion of the intra-oceanic arcs with more
than one subduction zone of different polarities was initially proposed by
Aitchison and Flood (1994) and later supported by Offler and Gamble (2002),
Murray (2007) and Buckman et al. (2015). Unlike the Carboniferous-Triassic
felsic continental rocks or Gondwana-derived sediments, the Devonian and
older, mafic oceanic terranes have a scarcity of datable minerals such as
zircon, making them difficult to date. Consequently there have been few
attempts to provide accurate age constraints to these geochronologically
unyielding intra-oceanic terranes (Manton et al., 2017b; Aitchison and Ireland,
1995; Buckman et al., 2015; Sano et al., 2004) but a plethora of zircon studies
on the zircon yielding granites (Roberts et al., 1995b; Rosenbaum et al., 2012)
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and continental-derived sediments (Korsch et al., 2009). We suspect that this
under representation of zircon geochronology from juvenile oceanic terranes
has led to an interpretive bias towards the more obvious continental tectonic
episodes that occur from the Carboniferous to Triassic within the New
England Orogen and the Silurian to Devonian in the Lachlan Orogen. For this
reason, focussed attempts to extract zircons from difficult to date oceanic
terranes is critical in terms of adding data points that will validate competing
hypotheses.
5.3.1 Tasmanides
Eastern Australia consists of a 3000 km long composite orogenic belt
known as the Tasman Orogenic Zone (Zucchetto et al., 1999); the Tasmanides
(Scheibner and Basden, 1996; Cawood and Buchan, 2007; Kemp et al., 2009;
Glen, 2013) or the Terra Australis Orogen (Cawood, 2005). This composite
orogen records a long period of continental growth throughout the Paleozoic
associated with convergent margin tectonics following the breakup of
Rhodinia in the Neoproterozoic. It is subdivided into 4 distinct orogens (Figure
5.1A) which from west to east (oldest to youngest) include; i) the
Delamerian/Ross Orogen (Neoproterozoic–Early Ordovician); (Haines et al.,
2009); ii) the Lachlan Orogen (Cambrian–Devonian); (Fergusson and Coney,
1992; Gray and Foster, 2004; Aitchison and Buckman, 2012) and iii) the New
England Orogen (early Paleozoic–Mesozoic); (Buckman et al., 2015; Cawood,
2005; Coney et al., 1990; Glen, 2013; Leitch, 1975). Each orogeny records
episodic periods of continental arc and intra-oceanic island arc magmatism
associated with subduction/accretion processes operating either on the eastern
continental margin of Gondwana or well off board within the Panthalassa
Ocean. In some cases, continental and intra-oceanic arc magmatism was
synchronous, for example the Siluro-Devonian continental arc magmatism in
the Lachlan Orogen and the Siluro-Devonian island arc development of the
Gamilaroi terrane in the New England Orogen suggesting multiple subduction
zones with opposite polarities (Buckman et al., 2015). The accretion of exotic
Panthalassan terranes is associated with flips in subduction polarity (Aitchison
and Buckman, 2012). Together the addition of new continental crust and
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exotic juvenile oceanic terranes to the eastern margin of Gondwana resulted in
a significant period of continental growth throughout the Paleozoic. However,
juvenile intra-oceanic terranes (ophiolites and island arcs) are often difficult to
identify and date due to the fact that they are not as extensive as their
continental equivalents and are often incorporated into highly disrupted
mélange zones. They also do not contain abundant datable (felsic) rock types,
making them near invisible to detrital zircon studies. Identifying and dating
allochthonous terranes within the orogenic belts is critical to understanding
accretionary orogens such as the Tasmanides of eastern Australia. For this
reason, we have targeted the oldest elements of the New England Orogen
which include the Cambrian ophiolitic Weraerai terrane and the SiluroDevonian island-arc Gamilaroi terrane which formed somewhere within the
Panthalassa Ocean at the same time that typical Cordilleran continental arc
was developing within the Lachlan Orogen along eastern Gondwana.
5.3.2 New England Orogen
The Peel-Manning Fault System is a major regional feature within the New
England Orogen, which separates the Carboniferous fore arc to the west from
an accretionary complex to the east (Aitchison et al., 1997). The Great
Serpentinite Belt (Benson, 1913) along the Peel-Manning Fault System
contains a dismembered ophiolite contained within a schistose, serpentinite
matrix. U–Pb zircon dating by SHRIMP of plagiogranites and gabbro at Upper
Bingara (Figure 5.1C) by Aitchison et al. (1992) showed that these ophiolitic
rocks are by far the oldest (Cambrian) rocks in the New England Orogen and
therefore they classified them as a distinctly unique tectonostratigraphic unit –
the Weraerai terrane (Aitchison and Ireland, 1995). The Weraerai terrane
outcrops as isolated blocks that vary from a few metres to several kilometres in
size within a serpentinite-matrix mélange along the length of the PeelManning Fault System (Benson, 1913; Corbett, 1976). The Weraerai terrane
has geochemical affinities consistent with formation of boninitic melts in a
forearc environment of a supra-subduction zone ophiolite (Aitchison et al.,
1994; Cross, 1983). Although these ophiolitic rocks formed in a late Cambrian
supra-subduction zone setting, they are thought to have been finally emplaced

128

at their present crustal setting as cold tectonic slices with serpentinite diapirs
as a result of extensive strike-slip faulting and transtension during the Early
Permian (Lanphere and Hockley, 1976; Manton et al., 2017b, 2018).
Rare blocks of eclogite, blueschist and amphibolite facies rocks occur
within the serpentinite mélange (Offler, 1982a; Phillips et al., 2015; Sano et
al., 2004; Shaw and Flood, 1974; Williams, 1979; Watanabe et al., 1999). At
Attunga (Figure 5.1C), an eclogite block is likely to be a metamorphosed
portion of the Weraerai terrane ophiolite, due to its ~ 530 Ma protolith age
(Manton et al., 2017a). Blueschists of MORB affinity occur in the serpentinite
at Glenrock and Pigna Barney (Fukui et al., 1995, 2012; Phillips et al., 2015);
(Figure 5.1C). Timing of their metamorphism, as well as the Attunga eclogite,
occurred around the late Cambrian-early/Middle Ordovician.
Adjacent to the Peel-Manning Fault System is the Siluro-Devonian island
arc Gamilaroi terrane and its associated oceanic accretionary complex
dominated by ribbon-bedded cherts, the Djungati terrane (Figure 5.1C; Flood
and Aitchison, 1988). The Gamilaroi terrane continues into the Queensland
portion of the New England Orogen, where it is known as the Calliope Island
arc (Morand, 1993). A regional unconformity at the stratigraphic top of the
Gamilaroi Siluro-Devonian island arc assemblage is followed by deposition of
the quartzite-bearing Keepit Conglomerate during the latest Devonian, which
marks the first input of Gondwanan Lachlan-derived detritus (Flood and
Aitchison, 1992). This is interpreted as an overlap sequence that developed
after collision and accretion of the Gamilaroi terrane onto the Gondwana
margin (Aitchison and Flood, 1994). The Keepit conglomerate (~ 360 Ma)
over-lying the unconformity coincides in age with the Kanimblan orogenic
cycle and the youngest age of Lachlan Orogen granitic intrusions (Knutson
and Flood, 1988; Shaw and Flood, 1993).
The formation of an Andean-type continental convergent margin occurred
following this collision event in the latest Devonian which resulted in the
development of a continental arc, forearc and an accretionary complex which
lasted throughout the Carboniferous to Permian (Day et al., 1978; Leitch,
1974, 1975; Roberts and Engel, 1987). The forearc basin sequence includes
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the latest Devonian to Carboniferous rocks of the Tamworth Belt. The
Tamworth Belt forearc basin developed uncomfortably on the accreted
Gamilaroi terrane, with the former only being present to the west of the PeelManning Fault System (Figure 5.1B, C). The Carboniferous continental
forearc basin consists of abundant felsic volcanic rocks and associated
volcaniclastic deposits (Roberts and James, 2010). These are derived from the
Currabubula–Connors–Auburn continental arc (Roberts and Engel, 1987),
which is now largely concealed by the Permian Sydney–Gunnedah back-arc
basins in the southern New England Orogen. The continental arc outcrops
more extensively throughout central Queensland, in the northern part of the
New England Orogen (Day et al., 1978). On the eastern side of the PeelManning Fault System the Carboniferous Anaiwan terrane (Flood and
Aitchison, 1988) or Tablelands Complex (Roberts and Engel, 1987) consists of
chert, oceanic basalt and abundant turbidites (Fergusson, 1984) and is
interpreted as the accretionary wedge. During the Permian,
tectonostratigraphic blocks along the margin underwent periods of dispersal
and reorganization leading to a complex collage of terranes (Buckman et al.,
2014b).
The southern New England Orogen experienced widespread granitic
magmatism from the latest Carboniferous to early Permian as represented by
the S-type Bundarra and Hillgrove Plutonic Supersuites, which formed
simultaneously between 296 and 288 Ma (Cawood et al., 2011). This period of
magmatism may have been driven by the eastward roll-back of the subducted
oceanic slab (Jenkins et al., 2002). Early Permian roll-back was followed by
major terrane dislocation events, such as the northward translation of the
Siluro-Devonian Hastings and Port Macquarie Blocks (Figure 5.1C; Cawood
and Leitch, 1985; Collins, 1991); which were likely driven by oblique
convergence along the margin (Offler and Foster, 2008). Some researchers
propose that tight, doubly vergent oroclines formed during this period
(Rosenbaum et al., 2012). The most notable of these is the Texas and Coffs
Harbour orocline, in the north of the southern New England Orogen (Murray
et al., 1987).
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Initiation of the Peel-Manning Fault System is difficult to constrain, though
movement may be as early as the Carboniferous (Collins, 1991; Corbett,
1976). Kinematic indicators in serpentinites at Glenrock Station led Offler and
Williams (1987) to suggest that motion along the Peel-Manning Fault System
was dominantly sinistral. However, the en echelon shape of a strike-slip basin
hosting the Manning Group at Barry (Figure 5.2) is more consistent with
dextral movement (Aitchison et al., 1997; Buckman, 1993).
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Figure 5.2: A: Geology of Barry region, located at (31°32′44″S 151°18′53″E).
Published geochronology data for Weraerai and Gamilaroi terranes also depicted.
All ages inMa. Cross-sections are illustrated in Figure 5.12. Cross-section A
(Nundle) is not located within the bounds of this map presented.
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K–Ar ages of 273 ± 5.8 and 280 ± 5.6 Ma ages have been presented by
Lanphere and Hockley (1976) for actinolite within the fault, which is
consistent with the Early Permian age of the Manning Group. These
sedimentary basins are thought to have been deposited within ephemeral
strike-slip basins coeval with faulting (Aitchison et al., 1997). Schistose
serpentinite surrounds many of the rotated blocks between the study location
of Barry and the costal tract at Port Macquarie (Aitchison and Flood, 1992;
Jenkins and Offler, 1996; Lennox and Offler, 2009). Ordovician-Devonian
rocks are located in the small Port Macquarie Block, with its current location
on the eastern margin of the orogen, as a result of the late Permian dislocation
events. Buckman et al. (2015), suggest the rocks at Port Macquarie are the
southern continuation of the Devonian island arc Gamilaroi terrane and its
accretionary complex, the Djungati terrane. The late Permian Hunter-Bowen
orogeny (Carey and Browne, 1938) is marked by complex faulting in the
southern portion of the orogen, with thrusting of Carboniferous forearc rocks
over early Permian units of the Sydney Basin (Collins, 1991). This event was
either initiated by the coupling of plates at the convergent margin (Li et al.,
2012b) or the accretion of the island arc Gympie island arc terrane (Nutman et
al., 2013), now only present in south east Queensland. The Moonbi Adamellite
and the Inlet Monzonite cross-cuts the Peel Fault north of Tamworth providing
a minimum age of movement (Voisey, 1969). K–Ar dating of biotite within
the Moonbi Adamellite and the Inlet Monzonite by Cooper et al. (1963)
indicates that they are Early Triassic in age (240–245 Ma).
5.3.3 Barry Station Locality
The property of Barry Station (31° 34′ 48″ S 151° 18′ 58″ E WGS84) is
located ~ 60 km southeast of Tamworth (Figure 5.1C). The Barnard River,
with adequate exposures in its bed, cuts across the strike of thrust slices
associated with the Peel-Manning Fault System. (Figures 5.2 and 5.3). The
Weraerai, Djungati, Gamilaroi and Anaiwan terranes are all present in the
Barry area. Other units include the early Permian Manning Group breccias and
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diamictites, Permian crystalline tuffs, and the mid Permian I-type Nundle
plutonic suite (Buckman, 1993; Kimbrough et al., 1993).
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Figure 5.3: “BS” sample sights are depicted on maps. Coordinate system:
AGD66MGA Zone 56. Datum: GDA 94. Source ofmap data: NSWgeological
survey seamless geology project, UTMZone 56 and Buckman (1993). Map
locations are depicted in Figure 5.2, and all are located on the Barnard River.
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5.3.4 Weraerai Terrane
The non-serpentinized crustal portions of the Weraerai terrane occur as
blocks of dolerite, gabbro and rare felsic rocks enveloped within a schistose,
serpentinite mélange. The Weraerai terrane is interpreted to have formed
within an intra-oceanic, supra-subduction zone, forearc setting (Aitchison and
Ireland, 1995; Sano et al., 2004; Yang and Seccombe, 1997). This is based on
the subduction zone fluid-influenced geochemical characteristics of the
igneous rocks (i.e. the enrichment of light rare earth elements (LREE) relative
to heavy rare earth elements (HREE) and the depletion of Nb and Ti). Early
Cambrian ages for the Weraerai terrane were presented by Aitchison et al.
(1992) from plagiogranites at Upper Bingara and Manilla (Figure 5.1C).
40

Ar/39Ar, Rb–Sr and Sm–Nd dating and geochemistry of meta-diorites from

the Glenrock (Figure 5.1C) area by Sano et al. (2004) also agree with this, with
meta-diorites ranging in age from 536 ± 38 Ma to 426 ± 38 Ma. Equivalent
basaltic volcanic rocks at Glenrock are boninitic to tholeiitic basalts with
island arc affinities (Offler, 1982b; Sano et al., 2004). A hornblende cumulate
which formed within an island arc setting yielded Rb–Sr mineral/whole rock
ages of 425 ± 44 Ma to 411 ± 15 Ma. Chromite ratios (100 Cr/Cr + Al = 85),
found in gabbro from the Weraerai terrane, are also indicative of highly
refractory mantle source typical of depleted harzburgitic mantle underlying
island arc systems (Sano et al., 2004).
Buckman (1993) suggested portions of the ophiolite sequence face upward
to the east at Barry. This is based on the graduation of gabbro into dolerite
eastward along the Barnard River. This eastward facing direction of the
incomplete ophiolite sequence is only seen elsewhere in a northern portion of
Peel Fault at Gulf Creek, near Cobbadah north of Barraba (Breyley, 1990).
This contradicts findings by Blake and Murchey (1988) and Rogers (1986)
who suggest a west facing sequence at Upper Bingara 15 km to the north, and
Cross (1983) identifies the sequence as facing to the southwest. The rotation of
the blocks within the serpentinite mélange should be expected, with their
facing direction treated as being random due to superimposed tectonic events.
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Plagiogranite dykes commonly intrude gabbroic rocks within the Weraerai
terrane. They are best observed along the Barnard River where they are
generally less than 1 m in width (Figures 5.3 and 5.4). They exhibit no
dominant orientation. Most of the felsic rocks occur as intrusive net veined
complexes. The faulted margins of the Weraerai terrane are often marked by
the presence of silica-carbonate alteration, also known as listwaenites (Tuysuz
and Erler, 1993). They occur as narrow zones of alteration, ~ 100 m long and
no more than 20 m wide, alongside the red-bedded chert Djungati terrane. At
Nundle, fuchsite from these gold-bearing silica-carbonates at the Trevana
Mine have been dated by whole rock K–Ar which yielded Early Triassic ages
of 243 ± 2 Ma and 251 ± 2 Ma (Ashley and Brownlow, 1993).
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Figure 5.4: Images A-D represents Weraerai terrane sample sites. (M) and (F) refer
to mafic (gabbro) and felsic portions (plagiogranite) within theWeraerai terrane. D:
typical outcrop of the Weraerai terrane along the Barnard River and is presented as
Figure 5.3B in themanuscript. E: Outcrop of undated gabbro atNowdendoc. F: Near
sample BS16 (Figure 5.3C). Outcrop for intrusives in the Pitch Creek Volcanics. GH: Trondhjemites at the base of the Gamilaroi terrane (Figure 5.3C).
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5.3.5 Gamilaroi Terrane Previous Studies
The Gamilaroi terrane consists of five lithostratigraphic units (Stratford and
Aitchison, 1996, 1997). From the bottom of the sequence based on nomenclature
adopted by Stratford and Aitchison (1997) these are; (i) The Pitch Creek Volcanics
(felsic volcaniclastic rocks, basaltic breccia, tuffs and trondhjemites; (ii) The Frog
Hollow Formation (interbedded tuffs, sandstones, mudstones and rare limestones;
(iii) The Captain Rocks Formation (coarse-grained volcaniclastic rocks; (iv) The
Curricabark Formation (fine-grained laminated volcaniclastic rocks; and (v) The
Folly Volcanics (massive and pillowed basalts). Cross-cutting gabbro and dolerites
with an arc-rift or more fertile MORB signature are found between the Captain
Rocks Formation and Frog Hollow Formation (Offler and Gamble, 2002). Transects
showing the order of lithologies (Figure 5.5) for Barry and localities surrounding
are presented. Trondhjemites seen at Barry on the Barnard River are interpreted to
be from the deepest levels of the volcanic arc which is estimated to have a total
thickness of ~ 2000 m (Stratford and Aitchison, 1997). At Barry the hosts for the
intrusive phases of the Pitch Creek Volcanics are exposed by faulting on the PeelManning Fault System at the juncture of the Barnard River and Back River.
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Figure 5.5: Composite stratigraphic columns illustrating the relationship between
lithostratigraphic unitswithin the Gamilaroi terrane. Sections are based on the
dominate younging direction of the Gamilaroi terrane along sections in Figure 5.2.
Diagram is based on data presented in Stratford and Aitchison (1997). F = fault.
5.4 Analytical Methods
5.4.1 Whole Rock X–Ray Florescence and ICP–MS Analysis
Whole rock samples from Barry were crushed using a Cr–Ni TEMA ring
grinder. X–ray fluorescence (XRF) major element analysis was undertaken on fused
beads. Li tetraborate and Li metaborate fluxes were used to prepare crushed
samples for XRF analysis. The fluxes respective Li metaborate contents were based
on the nature of the sample and were 12%; 22%; 57% and 43% and 100%. The flux
ratio was based on the concentration of carbonates, non-metallic base oxides and
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aluminosilicates respectively. Samples were oxidized by adding 5 ml of lithium
nitrate solution and left at 60 °C overnight, before being fused in a furnace. Pressed
pellets for trace element analysis were produced by mixing ~ 5 g of sample with a
polyvinyl acetate (PVA) binder and pressing into an aluminium cup using a
hydraulic hand press. Whole rock geochemical analysis was conducted using a
SPECTRO XEPOS energy dispersive polarization X–ray fluorescence spectrometer
at the University of Wollongong.
Standards used during the period of analysis were W-2 dolerite (n = 4), with a
relative percentage standard deviation of ~ 3% for all the major elements. Rare
earth elements (REE) were analysed by ALS Minerals Division via ICP–MS,
Brisbane (geochemical procedure ME-MS81). Li metaborate and Li tetraborate
were used as fluxes with and after fusing in a furnace, the resultant melt was
dissolved in nitric, hydrochloric and hydrofluoric acid mixes. This solution was
then analysed by ICP–MS. Standards, OREAS 120 and STSD-1, as well as 5
sample duplicates and 3 blanks, were analysed in order to determine the error
tolerance. All were within 10% of error.
5.4.2 Zircon Separation and Cathodoluminescence Imaging.
As it was expected that the target mafic and trondhjemitic rocks could have low
zircon yield, a Niton hand-held-XRF was deployed in the field to detect
mesoscopic domains in the target lithologies with the highest Zr abundance. These
sites were targeted for sampling. The efficiency of this technique is indicated by
obtaining magmatic zircons from our mafic samples submitted for mineral
separation. Composite samples for the Weraerai terrane gabbro (BS26) and felsic
inclusions (BS27) were employed, to increase the chances of a higher zircon yield.
All zircon sample concentrates were prepared at the mineral separation laboratory
of the Research School of Earth Sciences, the Australian National University
(ANU) by standard heavy liquid and isodynamic Frantz magnetic separation
techniques. The resulting zircon concentrates were hand-picked under a binocular
microscope. The selected grains were cast in an epoxy resin disc together with
Temora 2 reference material (Black et al., 2003). Once cured, the resin disc was
lightly ground to reveal the mid sections through the grains, followed by polishing
on a nylon lap using 1 µm diamond paste. Reflected and transmitted light
141

photomicrographs and cathodoluminescence (CL) imaging techniques were
employed to document zircon grain structure. CL images, obtained at ANU, were
the basis for determining the choice for SHRIMP U–Pb analytical sites.
5.4.3 U–Pb Ion Microprobe Zircon Geochronology
The SHRIMP II instrument at ANU was used to obtain U–Pb zircon
geochronological data. Analytical protocols followed Williams (1998). Raw data
from SHRIMP II were reduced using ANU “PRAWN” and “Lead” software.
Uncertainties presented take into account non-linear fluctuations in ion counting
rates beyond that which may be expected from counting statistics (Stern, 1998).
Spot sizes on the zircon were ~ 20 µm. Calibration of the 206Pb/238U ratios from the
unknown zircon grains utilized measurements of the Temora 2 reference material
(U–Pb ages concordant at 417 Ma; Black et al., 2003) interposed with analysis of
the unknowns. Systematic bias in the U–Pb calibration on different parts of the
mount was checked for by distributing several groups of Temora 2 around the
epoxy mount. During analysis, these Temora 2 groups were visited randomly. No
systematic differences in apparent U–Pb age were observed. U and Th abundances
were calibrated using analysis of the reference zircon SL13 (U = 238 ppm) located
in a set-up mount. Reduced and calibrated data were assessed and plotted using the
ISOPLOT program (Ludwig, 2003). Weighted mean 206Pb/238U ages reported are at
the 95% confidence level, and have been rounded to the nearest million years.
5.4.4 LA–MC–ICP–MS Zircon Lu–Hf Isotopes
Zircon Lu–Hf isotopic compositions were determined from the same zircons
used for U–Pb SHRIMP analyses, during a single analytical session using the RSES
ThermoFinnigan Neptune multi-collector ICP–MS coupled to a Lambda Physik
ArF, 193 nm excimer laser system with a “HelEx” sample cell, following methods
described by Hiess et al. (2009). Hf isotope analytical sites coincided with the U–Pb
age determination sites. Analysis of a gas blank and a suite of 7 reference zircons
with a range of 176Hf/177Hf and 176Lu/177Hf ratios (Monastery, Mud Tank, Plešovice,
QGNG, Temora-2, R33 and FC1) were performed systematically after every 10–12
sample spot analyses throughout the session. The details of the analytical method
and instrumental set–up are provided in the supporting information Text S1.
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Initial 176Hf/177Hf ratios for each spot were calculated using SHRIMP measured
U–Pb ages, present day CHUR compositions of 176Hf/177Hf = 0.282785 ± 11,
176

Lu/177Hf = 0.0336 ± 1 (Bouvier et al., 2008), and a λ176Lu decay constant of

1.867 ± 8 × 10−11y−1 (Scherer et al., 2001; Söderlund et al., 2004). Complete Lu–
Hf isotopic data for the sample zircons and for zircons for the 7 reference material
are given in supporting information Text 5.S1; Table 5.S1.
5.5 Sample Petrology and Whole Rock Geochemistry
5.5.1 Weraerai Terrane
Weraerai terrane intrusive rocks are found as variably altered blocks within a
schistose serpentinite mélange. Minor shearing and serpentinization extends into the
gabbroic blocks coupled with amphibolization. Veins containing very coarse dogtoothed textured quartz (250 × 100 µm) cross-cut older, highly altered tabular
feldspar minerals (Figure 5.6A, B). This primary feldspar (200 × 500 µm, 10–20%)
is relatively unaltered by sericite (Figure 5.6G). Fine-grain epidote (50 × 100 um), ~
5–10%, are found along the margins of these quartz veins (Figure 5.6D). Low grade
greenschist facies strongly over-print primary mineral assemblages, in the more
mafic samples with relict olivine and clinopyroxene (250 × 250 um, 10%) being
completely serpentinized (Figure 5.6F). Because of this, the crystallization
sequence is difficult to reconcile. Alteration of plagioclase is limited to more calcic
grain centres cores. Veins of quartz, tremolite/actinolite and epidote cross-cut all
primary mineral assemblages (Figure 5.6D, F).
Relict serpentinite minerals account for ~ 10% of the volume within the
Weraerai terrane gabbro (Figure 5.6F). Quartz (300 × 300 µm, ~ 75%) and feldspar
exhibit dissolution textures with one another. The pegmatitic plagiogranite veins
within the gabbro, record two periods of metamorphic alteration. These include an
early amphibole and biotite forming event, which occurred after the sericitization of
plagioclase and serpentinization of olivine (Figure 5.6F). Along the margin of these
veins hornblende (~ 500 µm) is concentrated and propagates into the serpentinized
gabbro along fractures and grain boundaries (Figure 5.6G). A later hydration event
during greenschist facies overprinting occurred along with quartz veins, with
chlorite being the dominate phase ± prehnite-pumpellyite.
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Figure 5.6: Photomicrographs of representative samples from Barry
Station.Weraerai terrane gabbro: A–D.Weraerai terrane plagiogranite: E–G.
Gamilaroi terrane trondhjemites: H–L. PPL: plan polarized light XPL: crossed
polarized light.
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Eight Weraerai gabbros and five plagiogranites were analysed for REE (Table
5.2). The doleritic/gabbroic samples from the Weraerai ophiolitic terrane have a
tholeiitic to minor calc-alkaline affinity (Figure 5.7B). ThN vs. NbN diagram of
Saccani (2015); (Figure 5.7C) shows the Weraerai terrane gabbro falling between
the volcanic arc array and primitive mantle values (PM). Based on the Ti/100 vs. Zr
vs. Y*3 ternary diagram (Pearce and Cann (1973), samples are spread between
island arc, ocean-floor and calc-alkali fields (Figure 5.7D) and consequently have
arc-like signatures. They are displaced from the MORB line of the Nb/ Yb–Th/Yb
diagram (Figure 5.7E); (Pearce, 2008), indicating a subduction component to the
melts. On the Ti/V plot by Shervais (1982), samples are largely distributed with the
IAT (island arc theolitte) and boninitic fields (Figure 5.7F). Rare earth patterns of
the gabbro display flat trends across the HREE, with enrichment across all REE 2–8
times primitive mantle values (Figure 5.9A). Strong depletion of HREE is seen in
sample BS13, with enrichment of LILE and strong depletion of Nb. High variance
is observed within LILE such as Rb, K and Ba, indicative of metasomatism
(Weraerai terrane gabbro units). Eu anomalies are non-existent to slightly negative
(0.07–2.96); (Figure 5.9A, Table 5.1). Enrichment of LREE is seen with La/Sm(N)
values of 0.83–4.55 (average = 1.95) and La/Yb(N) values of 1.45–3.07 with the
exclusion of sample BS06 which has an anomalous La/Yb(N) value of 10.77. HREE
contents are slightly depressed to flat with Sm/Yb(N) 0.26–1.48 (mean = 0.82).
Within the felsic intrusive rocks of the Weraerai terrane K2O values are b 0.24 wt%
and Na2O ranges from 3.57–4.36. HREE enrichment is 3–8 times primitive mantle,
with Sm/Yb(N) values ranging from 1.82–1.18. Strong negative Ti anomalies are
observed and positive Eu anomalies (Eu/Eua = 1.06–1.36). Strong LREE
enrichment is seen in these plagiogranite samples with La/Sm(N) values of 3.09–
3.93 and La/Yb(N) values of 3.66–7.18. (Figure 5.9B, Table 5.1).
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Figure 5.7: A: Total Alkali Silica (TAS) plot (Le Bas et al., 1986). B: AFM diagram
(Irvine and Baragar, 1971). C: ThN vs. NbN diagram (Saccani, 2015). Nb and Th
are normalized to the N-MORB composition (Sun and McDonough, 1989). D:
Ti/100 vs. Zr vs. Y*3 ternary diagram (Pearce and Cann, 1973). E: A: Nb/Yb–
Th/Yb diagram (Pearce, 2008). F: Ti/V plot by Shervais (1982). BAB–back-arc
basin, BON–boninite, IAT–island arc tholeiitites, MORB–mid ocean ridge basalt,
OFB–ocean floor basalt. Boninite fields are from the Eocene Bonin archipelago
Izu–Bonin–Mariana arc system from Arculus et al. (1992) in B and Taylor et al.
(1994) in C (pink), Eocene Tonga forearc (Bloomer et al., 1994) (black) and
Miocene Lau Basin (Pearce et al., 1994) (green).
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Table 5.1: Whole rock XRF and ICP–MS data geochemical analyses ofWeraerai
terrane gabbro and felsic intrusives. Eua = √(SmN Å~ GdN). (N)b = element
normalized to chondrite abundance.
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5.5.2 Gamilaroi Terrane
Texturally the felsic intrusive rocks of the Gamilaroi terrane are relatively
uniform. BS16 is fine-grained and equigranular with the groundmass consisting of
quartz, feldspar, chlorite, epidote. Rare (~ 5%) sieve-textured feldspars are also
dispersed throughout the rock sample. (Figure 5.6H, I). Dusty-textured cataclastic
veins, roughly 1 mm in width, exhibit dog-tooth textures along their margins and
contain epidote and entrained basaltic restites (Figure 5.6I). Altered anhedral
hornblende, epidote and chlorite occur between the large quartz crystals and heavily
altered feldspars. All these features are cross-cut by later quartz veins (Figure
5.6K). Greenschist facies alteration minerals occurred after the formation of the
primary quartz and feldspar phases. In outcrop, more melanocratic veins occur, and
are present as 5 mm veinlets within thin-section (left of centre Figure 5.6L). Their
relationship to the felsic host is difficult to reconcile due to the complex mingling
between the two. Due to this relationship, it is likely they are coeval.
Ten Gamilaroi samples were analysed for major and trace element contents,
three of which were also analysed for REE. The SiO2 content varies significantly
(SiO2 = 53.7–77.7), K2O contents are low at 0.02–0.93 wt% and the average
K2O/Na2O value is 0.18 and compositions range from basaltic trachyandesite to
dacite-rhyolite (Figure 5.7A, Table 5.1). Samples from the Gamilaroi terrane are
strongly calc-alkaline to weekly tholeiitic based on the AMF diagram of Irvine and
Baragar (1971); (Figure 5.7B); and are trondhjemitic to weekly tonalitic in
composition (Figure 5.8A). Based on Al-saturation values, the samples are
metaluminous to slightly peraluminous in nature (Al/(Ca + Na + K) = Al2O3/(CaO
+ Na2O + K2O) in mol% b 1.1, except one sample, SB2, which was (~ 1.2); (Figure
5.8B).
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Figure 5.8: Whole rock major element compositions of samples from the Weraerai
terrane plagiogranites and Gamilaroi terrane trondhjemites. A: Albite (Ab)–
anorthite (An)–orthoclase (Or) ternary diagram (O'connor, 1965). B: Al(Na + K)Al/(Ca + Na + K) plot (Shand, 1943).
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Table 5.2: Whole rock XRF and ICP–MS data geochemical analyses of
trondhjemite and tonalities from the Gamilaroi terrane. Eua = √(SmN x GdN). (N)b =
element normalized to chondrite abundance.
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The primitive-mantle normalized (Sun and McDonough, 1989) trace element
patterns for the samples display modest enrichment of the LREE relative to the
HREE and negative Nb and U anomalies with BS25 and BS17 exhibiting negative
Ti anomalies (Figure 5.9C). Eu anomalies demonstrating plagioclase fractionation
are insignificant to absent in all samples (Eua = 0.95–1.20). In detail, BS18 is
enriched in all trace elements on average 10 × primitive mantle values, whereas
BS25 is predominantly enriched in LREE. BS17 and BS25 have higher HREE
depletion relative to BS18, which exhibits fairly uniform values from Zr–Lu.
Enrichment of LREE is demonstrated by La/Sm(N) values of 1.54–3.23 (mean =
2.43) and La/Yb(N) values of 1.98–9.84 (mean = 4.87). HREE contents are much
less pronounced with Sm/Yb(N) values of 1.11–3.05 (mean = 1.81).
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Figure 5.9: Whole rare earth element (REE) data. Abundances are normalized with
primitive mantle values of Sun and McDonough (1989). A: Gabbroic samples from
the Weraerai terrane. Comparison localities are: Eocene Tonga forarc (Bloomer et
al., 1994); Miocene Lau Basin (Pearce et al., 1994) and boninites from the Eocene
Bonin archipelago, IBM arc system (Taylor et al., 1994). B: Felsic samples from
the Weraerai terrane, Mesozoic Anatoly ophiolitic complex, Turkey (Floyd et al.,
1998) and the Dar Anar, Iran (Ghazi et al., 2004). C: Samples fromthe Gamilaroi
terrane, compared to the Eocene Tanzawa plutonic complex, Izu–Bonin–Mariana
(IBM) arc system (Kawate and Arima, 1998) and the Cretaceous Kohistan island
arc batholith, northern Pakistan (Jagoutz et al., 2009).
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5.6 Zircon U–Pb Geochronology
5.6.1 Weraerai Terrane Gabbro
Weraerai terrane mafic rock BS26 (composite sample) gave a small yield of
stubby prismatic zircons with well-preserved oscillatory zoning (Figure 5.10A).
Twenty analyses were undertaken on 20 zircons. Most analyses yield close to
concordant U–Pb ages with very low common Pb contents (Figure 5.11A, Table
5.3). Th/U ratios are between 0.4 and 0.542 (median = 0.49), typical of magmatic
zircon (Rubatto, 2002). The population yield a weighted mean 206Pb/238U age of
504.8 ± 3.4 Ma (MSWD = 0.55); (Figure 5.11A) which is interpreted as the time of
magmatic crystallization.
5.6.2 Weraerai Terrane Plagiogranite
Weraerai terrane felsic rock BS27 (composite sample) gave a small yield of
oscillatory zoned prismatic to equant zircon (Figure 5.10B) devoid of inherited
cores and structural overgrowths. Eleven analysis were undertaken on 10
zircons. All analysis yield close to concordant U–Pb ages with very low
common Pb content (Figure 5.11B, Table 5.3). Th/U ratios are between 0.41
and 0.91 (median = 0.69), similar to their mafic host. The population yielded a
weighted mean 206Pb/238Pb age of 503.2 ± 5.7 (MSWD = 0.40) which is
interpreted as the time of magmatic crystallization.
5.6.3 Gamilaroi Terrane Trondhjemite
The yield of zircons from the Gamilaroi terrane trondhjemite was surprisingly
low. Sample BS25 yielded 4 zircons from roughly 2 kg of rock. Two of these
grains were judged too recrystallized to warrant study and hence 2 analyses
each were undertaken on two grains. In CL images these grains are overall dull
with discrete sector zoning (Figure 5.10C). Both grains have a very high U
content (1974 to 4010 ppm) with two of the sites preserving high Th/U ratios
(1.81 and 2.22); (Table 5.3). One of the sites yielded an apparent younger
206

Pb/238Pb age, which is coupled with the highest U content. This site is

regarded as disturbed and considered no further. The other three sites have
206

Pb/238U ages that are indistinguishable from one another and yield a weighted

153

mean age of 413 ± 8.7 Ma (MSWD = 0.66) (Figure 5.11C). As these analysis
include sites with relict oscillatory zoning and high Th/U, this is regarded as the
magmatic age.

Figure 5.10: Cathodoluminescence images of zircons. A: Weraerai terrane gabbro.
B: Weraerai terrane plagiogranite. C: Gamilaroi terrane trondhjemite. SHRIMP
analysis are shown in the same locations as LA–ICP–MS spots.
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Figure 5.11: Tera–Wasserburg plot (238U/206Pb–207Pb/206Pb). Data uncorrected for
common Pb and analytical errors depicted at the 1σ level. A: Weraerai terrane
gabbro. B: Weraerai terrane plagiogranites. C: Gamilaroi terrane trondhjemite.
Their respective MSWD plots are located adjacent to them.
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Table 5.3: Summary SHRIMP zircon U–Th–Pb data. p=prismatic, eq=equant,
e=end, m=middle, c=core, h=homogeneous and sector zoning, hd=homogeneous
dark, fr=fragment. U–Pb isotopic ratios given prior to correction for common Pb, *
age corrected for common Pb by the 207 method, and 500 Ma model Pb of
Cumming and Richards (1975). All errors are to 1 sigma.
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5.7 Zircon Hf Isotopes
5.7.1 Weraerai Terrane Gabbro
Zircons from the mafic sample BS26 have εHf(0) (present day) values between
+ 0.5 and + 0.1 with initial εHf (based on the U–Pb age of the zircon) values
tightly grouped just below the model depleted mantle line (Figure 5.12A). εHf
values are between + 10.1 and + 12.1, with a weighted mean average of 11.3 ±
0.2 (MSWD = 2.2). The average 176Hf/177Hf value is 0.282799. The model T(DM)
values were based on depleted mantle model ratios of 176Hf/177Hf = 0.28325 and
176

Lu/177Hf = 0.0384 after Griffin et al. (2004) Zircons from the Weraerai

terrane gabbro have an average T(DM) value of 0.65 Ga, marginally older than
the U–Pb zircon age of 506.3 ± 4.6 Ma.
5.7.2 Weraerai Terrane Plagiogranite
Zircons from the felsic sample BS27 have εHf(0) values from − 0.5 to + 3.5.
Initial εHf values range from + 10.3 to + 12.9 with a weighted mean average of
+ 11.6 ± 0.5 (MSWD = 4.3), closely resembling its gabbroic host rock (Figure
5.12B). T(DM) ages vary between 0.59 and 0.72 Ga.
5.7.3 Gamilaroi Terrane
Limited Hf isotope data was available from the Gamilaroi terrane sample (Table
5.4), due to the low yield of zircons. Two analysis were carried out, one on each
of the two zircons. εHf(0) values are − 3.9 and − 5.6, with their respective
initial εHf values being + 5.0 ± 0.8 and + 2.9 ± 0.9 (Figure 5.12C, Table 5.4).
T(DM) model ages are 0.85 and 0.93 Ga with an average 176Lu/177Hf value is
0.0025.
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Figure 5.12: εHf values vs. U–Pb zircon ages. T(DM) refers to the modelled age
for extraction of the melt from the mantle based on the Lu–Hf systematics. DM
(depleted mantle) values from Nowell et al. (1998). Dashed lines represent the
present-day felsic crust 176Lu/177Hf ratio of 0.0113 from Wedepohl (1995).
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Table 5.4: Summary of zircon LA–ICP–MS Lu–Hf data. CHUR values from
Bouvier et al. (2008). Uncertainty is the combined in-run standard error and the
external reproducibility of standards for each session added in quadrature. Depleted
mantle model ages calculated using estimates of 176Hf/177Hf = 0.283251 and
176
Lu/177Hf=0.0389 for the modern upper mantle.
N.D. No SHRIMP U–Pb
analyses available for these grains. * Lu–Hf analysis undertaken on sites without
U–Pb age. Average of zircon used to determine initial isotopic values and T(DM)
model ages.
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5.8 Discussion
5.8.1 Weraerai Terrane: a Supra-subduction Zone Ophiolite.
5.8.1.1 Gabbro/dolerite
The Late to Middle Cambrian U–Pb zircon age of 504.9 ± 3.4 Ma (MSWD =
0.92) for the crystallization of gabbro from Barry is marginally younger than from
other localities farther north along the Peel Fault. Theses ages include 530 ± 6 Ma
for a plagiogranite at Upper Bingara (Aitchison et al., 1992), the protolith
formation for the Attunga eclogite at 534 ± 14 Ma (Manton et al., 2017a) and 533
± 84 Ma at Woodsreef (Aitchison and Ireland, 1995).
The whole rock REE chemistry of the Weraerai terrane gabbros at Barry is
characteristic of melts that formed proximal to a subduction zone. The key
features observed in the overriding plate adjacent to a convergent margin are
characterized by enrichment of LREE, depletion of Nb and Ti, and a higher
contents of mobile elements (Ishikawa et al., 2007; Pearce, 2008, 2014). A
comparison is made with modern ophiolite suites which have formed proximal to
an oceanic convergent margin (Figure 5.9). These are from Eocene Tonga forearc
(Bloomer et al., 1994), the Miocene Lau Basin (Pearce et al., 1994) and boninites
from the Eocene Bonin archipelago Izu–Bonin–Mariana (IBM) arc system
(Arculus et al., 1992; Taylor et al., 1994). Weraerai terrane samples from Upper
Bingara (UBE01, 02) and one from Nowendoc (NO01), When samples are plotted
on tectonic discrimination diagrams, for rocks of more mafic composition and
more particularly oceanic derived rocks, they all demonstrate some degree of
affiliation with island arc rocks. On the Ti/100 vs. Zr vs. Y*3 ternary plot (Figure
5.7D) of Pearce and Cann (1973), gabbroic textured rocks from the Weraerai
terrane at Barry and Nowendoc are scattered between Island arc (AB) and oceanfloor (B) domains. The further dissection within the oceanic domain is made on
Figure 5.7E where samples from the Weraerai terrane are elevated off the typical
“dry” oceanic ridge and island basalt domain and are more akin to rocks from the
Bonin archipelago of the IBM arc (Arculus et al., 1992). This is based on the
mobility of Th vs. Nb, where both act inversely to one another in a subduction
zone setting (Pearce, 2014). Th is highly mobile, and elevated contents would be
expected if the rocks were enriched in mobile elements from subduction- related
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hydrous fluids (Pearce, 2014). Negative Nb anomalies (along with other high field
strength elements) are a characteristic for subduction settings due to its retention
in sub-crustal reservoirs (Friend and Nutman, 2011; Pearce and Peate, 1995). Both
samples from Upper Bingara closely resemble those from Barry, though the
sample from Nowendoc plots closer to a MORB setting with Tonga and Lau. This
portion of the Weraerai terrane at Nowendoc has received little attention in
regards to geochemical analysis.
On the Ti/100 vs. V plot of (Pearce and Cann, 1973); (Figure 5.7F) many of the
samples from the Weraerai terrane overlie lie the Tounga forearc and Lau Basin
samples or are located between these two and boninites from the IBM forearc,
which have substantially lower Ti/100 ratios. Two samples, BS06 and BS11 have
very low V (87, 72 ppm) and Ti (289, 1264 ppm) contents. Both of these samples
plot below the boninitic field. These low ranges (Ti ~ 2000 ppm; V ~ 150 ppm)
have been noted by Jaques and Chappell (1980) from the very early island arc
tonalites within the Papuan Ultramafic Belt. Based on Figure 5.7E and F, rock
units from the Weraerai terrane were dominated by fluid fluxing which culminated
in an island arc close by with only moderate contributions from partial melt
extraction due to decompression with the asthenospheric wedge.
On abundance diagrams normalized to primitive mantle (Figure 5.9) the
Weraerai terrane samples are slightly more depleted from Nd–Lu than the Tonga
and Lau samples, but are more enriched than the IMB boninites (Figure 5.9A).
BS13 however is depressed, below primitive mantle values from Ce–Tb and falls
within the boninite field from Ti–Lu. Little attention is paid to the elements Rb, K,
Ba, U and Sr due to their mobile nature (Pearce, 2014; Polat and Hofmann, 2003)
and their variability in the Weraerai terrane is attributed to serpentinization. Strong
negative Nb and moderate to minor Ti anomalies, except the more mafic BS13,
are seen in the Weraerai terrane samples. This is a common feature with suprasubduction ophiolites which form in close proximity to subduction zones (Leitch,
1984; Pearce et al., 1984a).
Isotopic heterogeneities in the asthenosphere may arise from i) the proximity of
a spreading ridge to evolved crustal material; ii) the presence of rifted continental
crustal ribbons, in an oceanic domain (i.e. Solomon Islands (Tapster et al., 2014)
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and iii) the subduction of oceanic sediments. The first instance is proposed for the
the Paleozoic back-arc Moeche Ophiolite, NW Iberia (εHf = −7 to +3 Arenas et
al., 2014) (Figre 5.13) This phenomena of either modern or relic evolved crustal
contamination in the asthenosphere is also seen in the back-arc Sea of Japan εHf =
+9 − +14 (Hanyu et al., 2006) and gabbroic rocks from back-arc ophiolites in
central Asia εHf = +13.7 − +20.6 (Liu et al., 2011). The isotopic signature may
also be influenced by intra-subduction zone geometry and structure (i.e.
underthrusting of crust, and relamination (Castro et al., 2013; Voshage et al.,
1990). Based on the Hf isotopic data presented here we propose the Weraerai
terrane formed from a juvenile melt. Whereabouts this juvenile melt was sourced
from, relative to a continental margin, is impossible to postulate based on a single
isotopic system and the mantle heterogeneities.
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Figure 5.13: εHf values of samples from Barry as well as ancient and modern
ophiolite (purple) and island arcs (blue). Macquarie Island (Portner et al., 2011);
Japan (Hanyu et al., 2006); Central Asia (Liu et al., 2011); Moeche (Arenas et al.,
2014). Data frommodern settings (i.e. Costa Rica ridge, Kolbinsey ridge, Luzon
ridge, Aleutian island arc, Tonga island arc and Lesser Antilles island arc) taken
from GEOROC online database
(http://georoc.mpchmainz.gwdg.de/georoc/Entry.html). Mean island arc εHf value
from Dhuime et al. (2011).
5.8.1.2 Plagiogranites
Plagiogranites of the Weraerai terrane crop out along the Barnard River at
Barry (Figure 5.4A-D) as net-vein complexes and rare vertical to steeply dipping
dikes ~ 1 m in width. At 503.2 ± 5.7 Ma, the age of magmatic zircons from
plagiogranite veins within the Weraerai terrane at Barry are indistinguishable from
their mafic host (504.9 ± 5.7 Ma) indicating they formed synchronously during
ophiolite formation. The ophiolite at Barry is younger than the ~ 530 Ma
ophiolitic rocks dated at Bingara (Aitchison et al., 1992) possibly indicating that
spreading associated with ophiolite generation continued for at least ~ 30 Ma.
REE contents are uniform amongst the samples (Figure 5.9B). Variance within
mobile cations (Rb, K, Ba, U and Sr) is minor.
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All samples exhibit strong negative Nb (except BS21) and Ti anomalies. The
latter Ti values fall to below primitive mantle. This could be the result of the
fractionation of Ti bearing phases (rutile, titanite) during formation of the melt,
from a parental rock that already exhibits negative Ti anomalies. High field
strength elements display minimal negative anomalies. Plagiogranite from the
Mesozoic Band-e-Zeyarat/Dar Anar ophiolite Iran (Ghazi et al., 2004) and the
Central Anatolian crystalline complex, Turkey (Floyd et al., 1998) were plotted on
the REE spider- diagram with the samples from Barry. Plagiogranites from the
Band-e-Zeyarat/Dar Anar ophiolite, Iran (Figure 5.9B) formed via fractionation
from the gabbroic host, and are characterized by strong LREE enrichment
(La/Sm(N) = 3.47), negligible Eu anomalies, with the authors suggesting MREE
depletion is a result of hornblende fractionation. Plagiogranites from the Central
Anatolian Crystalline Complex, Turkey, were derived predominantly (70–80%)
from fractionation or a small portion from partial melting (5–15%). This is based
on the wide variety of plagiogranite compositions observed in the ophiolite, a
range unlikely to result from fractionation or partial melting.
Debate has always surrounded the formation of these felsic melts within
ophiolitic sequences. The three contesting theories, are i) they represent late stage
fractionates of their parental gabbroic host (Coleman and Donato, 1979; Ishizaka
and Yanagi, 1975; Spulber and Rutherford, 1983; Whitehead et al., 2000 ii) they
formed from the anatexis of oceanic crust under hot hydrous conditions,
particularly along shear zones (Amri et al., 1996; Gillis and Coogan, 2002;
Koepke et al., 2004; Rollinson, 2009) or iii) they formed from melts derived from
the mantle wedge under normal subduction conditions (i.e. Wadi Hamaliya from
the Oman ophiolite (Rollinson, 2009).
The former two mechanisms are not mutually exclusive from one another and
both may occur to produce these types of felsic rocks (Floyd et al., 1998). The
presence of fine net-vein structures within the Weraerai terrane gabbro rules out
the idea that the felsic melts intruded at a much later stage (i.e. from later
subduction relation processes). The latter is characterized by having depletions in
Fe, Ti, P and K (K2O ~0.7%) with the other a result of mobilization of the LILE
under hydros-greenschist metamorphic conditions (Floyd et al., 1998) and
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enrichment in Na. (Aldiss, 1981; Koepke et al., 2004); this is very similar to the
plagiogranites seen at Barry.
Anatectic melts of plagiogranites may exhibit geochemical patterns illustrative
of seawater circulation (Saunders et al., 1979). These include low K2O, Rb, Ba
and K/Na ratios in comparison with other felsic intrusions (i.e. felsic island arc
intrusives); (Brown et al., 1979; Ishizaka and Yanagi, 1975; Saunders et al.,
1979). This reduced K content may lead to the absence of K-feldspars, with albite
prevalent instead. In this scenario, the host gabbro must be hot (900–975 °C);
(Bosch et al., 2004), leading to melts forming in equilibrium with pegmatitic
pargasite (~ 900 °C) as veins as they replace olivine/pyroxene (Wilson et al.,
2006). These melts are usually restricted to shear zones within the gabbro, or at
the boundary between the isotropic magma chamber and overlying sheeted dyke
complex. The former may be permitted via the ingress of water into hot “dry”
rocks (Koepke et al., 2007; Nicolas and Mainprice, 2005). A high concentration of
hornblende bearing veins are located close to serpentinite dominated shear zones
within the Weraerai terrane gabbro which may represent the process of water
infiltration into the crust. Where felsic melts form at the top of the gabbroic
magma chamber, they may intrude upward into the sheeted dyke complex as
dykes (Floyd et al., 1998). This location is the ideal setting for the production of
water induced melts with the overlying dykes, allowing seawater to percolate
downward into the thermally controlled gabbroic magma chamber. On the other
hand, examples of extreme fractionates derived from a gabbroic magma chamber
may be characterized by strong negative Eu anomalies (b 1), from the fractional
crystallization of plagioclase (Nakamura et al., 2007) and have markedly different
REE contents between separate batches of felsic melts (Pallister and Knight,
1981). As they are late stage melts, they may be restricted to the high portions or
the gabbroic magma chamber. Due to the highly disrupted nature of the ophiolitic
Weraerai terrane at Barry, their location within the ophiolitic sequence is
unknown. In the plagiogranites at Barry we see positive Eu anomalies (Eu/Eua =
1.06–1.36); plagiogranites are depressed in HREE, meaning minor fractionation
of hornblende of the melt may have occurred (Green, 1994).
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Thus, we propose that plagiogranites within the Weraerai gabbro terrene at
Barry are likely to have formed under hydrous conditions from a hot gabbroic host
rock as crustal anatexis. This is based on the abundance of amphiboles within the
net-veined complexes, which are concentrated of this phase along the margin of
the vein and the host rock (Figure 5.6G) suggesting the plagiogranites formed
during a hydration event. The plagiogranites contain heavily altered relic phases
from the host rock (i.e. pervasive sieve-textures of plagioclase and pyroxenes N
hornblende). K2O contents are ~ 0.24 wt.% and no Eu anomalies are present,
suggesting plagioclase fractionation did not play a major role in their formation,
though depletion in HREE may arise from the fractionation of hornblende. All of
the samples have uniform REE contents, suggesting they were derived from the
same process.
5.8.2 Gamilaroi Terrane Island Arc
Trondhjemite rocks at Barry have an early Devonian U–Pb zircon age (413 ±
8.7 Ma), similar to the Pitch Creek Volcanics (Mayer, 1972), which extend from
Barry to Pigna Barney, 50 km to the SE. U–Pb zircon ages of 436–411 Ma of
these intrusive suites (i.e. the Pola Fogal Hornblendite, Pitch Creek volcanics)
have previously been provided by Aitchison and Ireland (1995) and Kimbrough et
al. (1993).
So far these trondhjemitic intrusions of the Gamilaroi terrane have only been
described for the early stratigraphic stages of the island arc (Silurian–early
Devonian). Younger intrusive phases which may correlate with the later Siluro–
Devonian felsic volcanic rocks and volcanogenic sedimentary rocks (Stratford and
Aitchison, 1997) are absent, suggesting the intrusive phases may be restricted to
the early stages of island arc development rather than a continuous feature. The
presence of voluminous intermediate to felsic intrusives from 7 to 12 km depth the
middle crust of the Mariana island arc have been noted by Calvert et al. (2008)
and may locally represent later, more evolved melts relative to the subintermediate rocks they intrude (Kawate and Arima, 1998). The accreted
Talkeetna island arc, south-central Alaska also indicates felsic crustal
development can continue throughout island arc formation (Rioux et al., 2010).
Replenishment of felsic plutons within island arcs may occur from the periodic
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injection of new melt into the bottom of the magma chamber (Glazner et al., 2004;
Hawkins and Wiebe, 2004; Wiebe, 1994). Under the varying circumstances this
will result in the formation of either isolated mafic enclaves or interconnected
dykes, with the compositional difference between the two suites increasing
towards the top of the pluton (Turnbull et al., 2010). It is likely the mafic portions
of the Gamilaroi terrane trondjhemites represent an injected mafic melt and they
are to be a variant of the two fore mentioned mingling structures.
Felsic suites like the Pitch Creek volcanic intrusive rocks may occupy the midcrustal portions of island arcs. They are thought to originate from either i) the
crystal fractionation of an ultramafic-basaltic mantle-derived melt (Kay, 1980;
Stern and Hanson, 1991; Tamura, 1994), ii) the partial melting of the basaltic
lower arc crust (Atherton and Petford, 1993; Petford and Atherton, 1996; Petford
and Gallagher, 2001) or iii) from the melting of material on the down-going plate
to generate the adakitic suites (Drummond and Defant, 1990; Martin, 1986). Here,
Stratford and Aitchison (1997) suggest the Pitch Creek volcanic intrusives are
fractionates from a tholeiitic source. The formation of these lower arc felsic suites
and subsequent accretion into active orogens is an important mechanism for
continental growth (Brown et al., 2006; Draut et al., 2009; Şengör et al., 1993;
Shulgin et al., 2009; Teng, 1990).
Initial εHf values from the two zircons suitable for analysis are +5.0 and + 2.9
with an average 176Lu/177Hf ratio of 0.0025 and T(DM) modelled ages of 0.84 and
0.91 Ga. Lower εHf values in island arc terranes, are usually ascribed to mixing of
evolved continental material with juvenile mantle (e.g. Neoproterozoic–Paleozoic
sedimentary rocks in the Mira terrane with initial εHf = + 9 and −44 in the
Appalachian Orogen, Nova Scotia, Willner et al., 2013) and the Neoproterozoic
Pringle Mountain Group, εHf values of −0.5 to −33, also in the Appalachian
Orogen (Pollock et al., 2015). εHf values for the modern island arcs of Luzon,
Aleutian, Tonga and Lesser Antilles depicted in Figure 5.13 (mean εHf = 13.2 ±
1.1 [MSWD = 1.4]); (Dhuime et al., 2011). Their spread of values are much
greater relative to the Gamilaroi terrane, though this may largely be a result of the
small sample size from the latter. Mixing of magmas within the Gamilaroi terrane
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trondjhemites do occur in outcrop and has been noted previously in the this
chapter.
Regardless, εHf values for zircons from felsic melts within the Gamilaroi
terrane fall within modern island arc εHf value fields for the Luzon and Lesser
Antlers (Figure 5.13). Apart from the re-worked ultramafic lower crustal portions
of island arcs, which could be regarded as juvenile, all Lu–Hf ratios from rocks
formed during the development of an arc are the result of various melts (i.e. partial
melting of the mantle wedge, melting of sediments, melting of the down-going
oceanic crust) which themselves are likely to exhibit high degrees of
heterogeneity (Roberts and Spencer, 2015).
T(DM) model ages for the Gamilaroi terrane are 0.85 and 0.93 Ga. It is likely
these ages meaningless due to the previously stated heterogeneities within the
asthenosphere, and the contamination of from subducted sediments. Regarding the
latter, if one were to propose these T(DM) modelled ages represent an older crustal
component entering the arc system, such as a sediment from the Gondwanide
margin, still, the T(DM) age may not represent the timing of melt extraction for
zircons, which are dominant for that population. Therefore, as the T(DM) model
ages for zircons within the Gamilaroi terrane do not coincide with the U–Pb
zircon crystallization ages they did not form from a juvenile source, and are likely
the result from complex melt-mixes within an island arc.
5.8.3 Tectonic Implications for the New England Orogen
Proponents for a long-lived, continuously, west-dipping subduction zone along
eastern Gondwana throughout the Paleozoic interpret the Weraerai terrane to be
the oceanic basement of a forearc basin within the early development of the New
England Orogen. In this model, extensive back-arc spreading, led to the
detachment of an island arc (Tamworth Belt – Gamilaroi terrane) from the
Gondwanan margin (Cawood and Flood, 1989; Collins, 2002; Leitch, 1974, 1975;
Offler and Gamble, 2002; Phillips et al., 2015). This setting is akin to the Tasman
Sea (Hayes and Ringis, 1973), the New Caledonia basin behind the Tonga–
Kermadec arc (Uruski and Wood, 1991), or the late Eocene Ogasawara Trough
back-arc basin, behind the IBM arc (Ishizuka et al., 2006). Collins (2002) and
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Phillips et al. (2015) propose closure of this back-arc basin led to the accretion of
the outboard oceanic crust onto the Gondwana margin and development of a
continental Andean-type margin throughout the Carboniferous to Permian.
Alternating periods of extension (roll-back) and contraction above a single, longlived, west-dipping subduction zone are presented as the mechanism for
generating all ophiolitic or island arc terranes within the Tasmanides throughout
the entire Paleozoic (Cawood et al., 2011; Collins, 2002; Phillips et al., 2015).
A major problem with this model is that back-arc basins have a low
preservation potential if they are positioned on the overriding plate given that the
back-arc ocean needs to be closed (subducted) in order to collide the island arc
with the adjacent continental crust (Draut and Clift, 2013). Rioux et al. (2007)
suggest the Talkeetna arc, south central Alaska collided with an active margin in
this manner. It is far more likely that a “forward facing” arc complex will be
preserved onto a continental margin if the continent and adjacent oceanic crust is
on the down-going plate beneath the island arc. In the case of eastern Gondwana,
if subduction was dipping east beneath the intra-oceanic Weraerai and Gamilaroi
terranes within the Panthalassa Ocean (Figure 5.14D) before collision ramped the
dense, juvenile, oceanic crust up and onto the leading edge of Gondwana during
the latest Devonian resulting in the Kanimblan Orogeny which folded Upper
Devonian terrestrial red beds within the Lachlan Orogen (Figure 5.14E);
(Aitchison and Flood, 1994; Flood and Aitchison, 1988) before subduction flipped
to generate a continental arc throughout the Carboniferous. This style of accretion
between the Gondwanide margin and the Gamilaroi terrane as proposed by
Buckman et al. (2015) is equivalent to the Kohistan arc with the Eurasian
continent in the western Himalayas (Khan et al., 1997) or the Moicene Maramuni
arc collision with the Australian continent in Papua New Guinea (Holm et al.,
2015).
Based on the model proposed by Phillips et al. (2015), the dismemberd
ophiolitic unit along the Peel-Manning Fault System, the Weraerai terrane, and its
metamorphosed equivalent (i.e. the Attunga eclogite and Glenrock blueschists)
remained within the forearc region of a west-dipping subduction zone, from their
inception in the early Cambrian until the formation of the New England Orogen
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accretionary complex in the latest Devonian, a timespan of 170 m.y. Regardless of
subduction polarity during this period, we suggest the conservation of forearc
ophiolitic material over this time-span is seemly unlikely due to both erosive
factors within subduction zones (Stern, 2011; Huene & Scholl, 1991; Clift et al.,
2005); intra-oceanic collisional events (Macpherson et al., 2003; Morrice et al.,
1983) and the propensity for oceanic crust to be subducted (Davies, 1992; Stern,
2004). An early collisional event leading to the removal of this portion of the
Cambrian forearc ophiolite could have lead to its preservation (Figure 5.14C).
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Figure 5.14: Schematic tectonicmodel for the eastern Gondwanide margin fromthe
Cambrian to the Carboniferous. A) Formation of Weraerai terrane ophiolite in the
Panthalassa Ocean in the Cambrian. Proto-Macquarie Arc and Lachlan Orogen
ophiolites may also have formed outboard of the Gondwanide margin, as the
Delamerian Orogen was forming. B) Sourcematerial for the turbidites and
conglomerates of the Murrawong Creek and Pipeclay Creek formations.
Metamorphism of basaltic composition rocks lead to the formation of the Attunga
eclogite at 490 Ma (Manton et al., 2017a). This was coeval with maturing of the
Macquarie Arc and deposition of extensive quartz-rich turbidites (Adaminaby
Group) along the Gondwanide margin. C) Possible collision occurs between the
early island arc and the proto-Gamilaroi terrane. Formation of 410 Ma
trondjhemites, which outcrop at Barry, occurred in the Gamilaroi terrane. The
Macquarie Arc is thrust up on to the passive margin of Gondwana, resulting in the
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Benambran Orogeny. D) Intra-island arc rifting of the Gamilaroi terrane occurs
which result in basaltic units of arc-rift geochemical affinity. The Tacking Point
Gabbro, may have formed during this period at 390 Ma. Volcanoclastic rock and
red-beds are deposited along the continental margin, with S- and I-type granites
intruding large portions of the Lachlan Orogen. E) The Gamilaroi terrane, along
with the Weraerai terrane, is accreted onto the Gondwanide continental margin
resulting in the Kanimblan Orogeny. As a result, subduction steps-out from the
margin and continues as west-dipping. F) A large accretionary complex forms in
the Carboniferous (Anaiwan terrane), with the Tamworth forearc basin belt forming
behind it. Early accumulation of material occurs in the latest Carboniferous–Early
Permian. Movement along the Peel-Manning Fault System occurs in the early
Permian, with the subsequent emplacement of the schistose serpentinite mélange,
and theWeraerai terrane at higher crustal levels.

The relationship between the Weraerai and Gamilaroi terranes along the PeelManning Fault System is difficult to reconcile as they are always in tectonic
contact and the intrusive phases are difficult to differentiate in the field due to the
similarities in composition, i.e. gabbro-tonalite. Authors have suggested the two
terranes along the Peel-Manning Fault System are linked (Offler and Shaw, 2006).
This was based primarily on their close proximity to one another, though no direct
field relationships demonstrate this. Ultramafic and more felsic island arc
assemblages contained within the same magmatic terrane include the Cretaceous
Kohistan arc, western Himalayas (Khan et al., 1997; Miller and Christensen,
1994; Petterson, 2010; Takahashi et al., 2007) and the Jurassic Talkeetna arc,
south central Alaska (Clift et al., 2005; Rioux et al., 2007, 2010). The difference
between them and the example of Barry is that they demonstrate some continuity
in their evolution, from juvenile to more evolved stages. In the Kohistan arc, this
is illustrated by the presence of transitional calc-alkaline gabbro norites within
strong island arc affinity (enriched LILE, depleted Nb, REE×10 chondrite); (Khan
et al., 1997). While this range of intrusive compositions was not found at Barry,
the Devonian Tacking Point Gabbro at Port Macquarie is equivalent to the
Gamilaroi intrusive rocks at Barry (Buckman et al., 2015) and shows a subdued
tholeiitic signature and is relatively more metaluminous (Figures 5.7B, 5.8B).
The lifespan for both of these terranes, the Kohistan and Talkeetna island arcs,
are constrained by their basal felsic intrusives and the youngest volcanic
sequences. These are 50 and 30 m.y. respectively (Khan et al., 2009; Rioux et al.,
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2007; Schaltegger et al., 2004; Yamamoto et al., 2005). An age gap of ~ 60-80 Ma
exists between the youngest Weraerai terrane zircon ages (~ 530 Ma) and the
oldest Gamilaroi terrane ages (~ 413 Ma this study and ~ 436 Ma by Kimborough
et al., (1993)). The Gamilaroi terrane intrusive phases at the confluence of the
Barnard River with Back River at Barry (Figure 5.2) are dominated by tonalite
with minor gabbro and are probably the intrusive equivalent of the Pitch Creek
Volcanics. In contrast, the Weraerai terrane section upstream at Barry is
dominated by gabbro with only minor tonalitic (plagiogranite) vein networks. It is
possible that much of the gabbro-tonalite mapped to the east of the Pitch Creek
volcanics all the way down through Glenrock and Pigna Barney is actually the
intrusive island arc core of the Gamilaroi terrane rather than being blocks of
ophiolitic Weraerai terrane, as marked on regional geology maps. If the Weraerai
terrane gradually evolved from supra-subduction zone ophiolite in the Cambrian
to an island arc (Gamilaroi terrane) in the Siluro-Devonian then we would expect
to see a more continuous spread of magmatic ages between the Cambrian
Weraerai gabbro and the Silurian felsic arc-like intrusives (i.e. diorite to
trondhjemite). The available, albeit limited, geochronological data for these
terranes suggests this did not occur. Instead it appears that there was a distinct
Cambrian ophiolite formation followed by a magmatic hiatus until the
development of the Gamilaroi terrane in the Silurian. An alternative explanation is
that the Weraerai terrane collided with another oceanic terrane during the early
Ordovician before evolving into an intra-oceanic island arc during the Silurian to
Devonian (Figure 5.14C). This has been proposed for the Jurassic Peninsular
volcanic arc and Wrangellia flood basalt terranes in south-central Alaska
(Nokleberg et al., 1994; Plafker et al., 1989). We suggest this is a more likely
scenario to explain the relationship between the Weraerai and Gamilaroi terranes.
This hypothesis is supported by the presence of Ordovician (~ 490 Ma) eclogites
at Attunga which have inherited zircon of Weraerai terrane affinity (~ 530 Ma)
(Manton et al., 2017a) which indicate a subduction or collision event occurred
about 40 Ma after ophiolite formation. This coincides with the deposition of small
slivers of Ordovician-Silurian deep marine tuffs, turbidites and conglomerates of
the Murrawong Creek and Pipeclay Creek formations just north of Nundle
(Cawood, 1983); (Figure 5.14B) The clasts in the conglomerate are clearly
derived from an island arc source (Roder, 2015; Cawood, 1983) and contain
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Cambrian-Silurian fossil assemblages (Furey-Greig, 2000). The age of these units
is between that of the Cambrian ophiolite and the Siluro-Devonian Gamilaroi
island arc so may represent the detritus shed from an intra-oceanic collision
involving the Weraerai terrane before the development of the Gamilaroi island
arc.
In this paper we confirm the forearc nature of the Weraerai terrane, based on
trace element and REE patterns. This forearc includes the earliest reported U–Pb
zircon age for the Cambrian Weraerai terrane within the New England Orogen.
Amphibole bearing felsic melts formed within the gabbro and may be the result of
melting of mafic crust under hydrous conditions. Both are ~ 500 Ma and have
juvenile εHf values and equivalent U–Pb zircon and Lu–Hf T(DM) modelled ages.
Limited zircons obtained from the Gamilaroi terrane trondjhemites gave a U–Pb
zircon age of ~ 410 Ma. This confirms previous studies of equivalent suites at
Pigna Barney, where +5.0 and + 2.9 εHf values are characteristic of island arc
magmas with an increased sedimentary component. The older T(DM) Lu–Hf
modelled ages may represent this sediment contribution to the mantle wedge in an
island arc.
5.9 Conclusions
1.

The dismembered Ophiolitic Weraerai terrane, Barry, formed in a supra-

subduction zone setting with depletion of Nb, Ti and high V/Ti and Th/Nb ratios
at 504.9 ± 3.5 Ma. This is the youngest U–Pb zircon age for the Weraerai terrane
so far along the Peel-Manning Fault System.
2.

Amphibole bearing felsic melts of trondhjemitic-tonalitic composition

formed net-vein complexes and small dykes within the rotated blocks of the
Weraerai terrane. U–Pb zircon data provide 503.2 ± 5.7 Ma ages, within error of
their gabbroic host. We suggest these melts represent partial melts of hot oceanic
crust from the infiltration of seawater.
3.

Lu–Hf isotopic contents of zircon, εHf = +11.3 ± 0.2 and T(DM) = 0.61–

0.71 for both felsic and mafic portions of the Weraerai terrane indicate a juvenile
source for the melt.
4.

An early Devonian zircon age of 413 ± 8.7 Ma, for trondhjemite of the

Gamilaroi terrane is similar to other studies.
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5.

Hf values from the 2 Gamilaroi terrane zircons were + 5.0 and + 2.9,

characteristic of an island arc setting. T(DM) values of 0.84 and 0.91 Ga are
substantially older than the ~ 410 Ma zircon age.
6.

The Weraerai and Gamilaroi terranes formed in an oceanic realm prior to

their accretion onto the Gondwanide margin in the latest Devonian. It is likely
they initially evolved as two separate entities and at some point amalgamated with
one another to produce an east-dipping subduction zone which lead to their
obduction and preservation onto eastern Gondwana during the latest Devonian.
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Contents of this file:
Text 5.S1: Method: LA–MC–ICP–MS zircon Lu-Hf isotopes
Table 5.S1: The measured 178Hf/177Hf, 176Lu/177Hf and 176Hf/177Hf ratios for the
reference zircons
Table 5.S2: The measured U, Pb and Th from SHRIMP analysis for samples.

Zircon hafnium isotopic compositions were determined over a single analytical
session using the RSES ThermoFinnigan Neptune multi-collector ICPMS coupled
to a Lambda Physik ArF, 193 nm excimer laser system with a ‘HelEx’ sample cell,
following methods described by Hiess et al. (2009). Hf isotope analytical sites
coincided with the U–Pb age determination sites. Analysis of a gas blank and a
suite of 7 secondary reference zircons with a range of 176Hf/177Hf and 176Lu/177Hf
ratios (Monastery, Mud Tank, Plesovice, QGNG, Temora-2, R33 and FC1) were
performed systematically after every 10-12 sample spot analyses throughout the
session. Analyses were made with a 41 µm diameter circular spot firing at 5 Hz
with an energy density at the sample surface of ~10 J/cm2. 171Yb, 173Yb, 174Hf,
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Lu, 176Hf, 177Hf, 178Hf, 179Hf and 181Ta isotopes were simultaneously measured in

static-collection mode on 9 Faraday cups with 1011 Ω resistors. Analyses were
made with a 41 µm diameter circular spot firing at 5 Hz with an energy density at
the sample surface of ~10 J/cm2. 171Yb, 173Yb, 174Hf, 175Lu, 176Hf, 177Hf, 178Hf,
177
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Hf and 181Ta isotopes were simultaneously measured in static-collection mode on

9 Faraday cups with 1011 Ω resistors. A large zircon crystal from the Monastery
kimberlite was used to tune the mass spectrometer to optimum sensitivity. Analysis
of a gas blank and a suite of 7 secondary reference zircons with a range of
176

Hf/177Hf and 176Lu/177Hf ratios (Monastery, Mud Tank, Plesovice, QGNG,

Temora-2, R33 and FC1) were performed systematically after every 10-12 sample
spot analyses throughout the session.
Data were acquired in 1 s integrations over 60 s or until the grain burned
through. Time slices were later cropped to periods maintaining steady 176Hf/177Hf
signals during data reduction on a custom Excel™ spreadsheet. Total Hf signal
intensity typically fell from >10 to ~ 6 volts during a single analysis. The measured
176

Lu/177Hf, 176Hf/177Hf, 178Hf/177Hf and 174Hf/177Hf ratios for all standard and

sample analyses are presented in Supplementary Table 5.3. Mass bias was
corrected using an exponential law (Russell et al., 1978; Chu et al., 2002;
Woodhead et al., 2004) and a composition for 179Hf/177Hf of 0.732500 (Patchett et
al., 1981). Yb and Lu mass bias factors were assumed to be identical and
normalised using an exponential correction referenced to a 173Yb/171Yb ratio of
1.129197 (Vervoort et al., 2004). The intensity of the 176Hf peak was determined
accurately by removing isobaric interferences from 176Lu and 176Yb. Interferencefree 175Lu and 173Yb were measured and the interference peaks subtracted
according to reported 176Lu/175Lu and 176Yb/173Yb isotopic abundances of Vervoort
et al. (2004). As a quality check of this procedure, 178Hf/177Hf and 174Hf/177Hf ratios
for all zircon reference materials and samples were monitored. In particular the
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Hf/177Hf ratio is a sensitive monitor of the efficacy of Yb corrections owing to

the relatively large 174Yb isotopic interference (31.83% abundance) that must be
removed from the small 174Hf isotope (0.16% abundance). The mean 178Hf/177Hf
and 174Hf/177Hf ratios for all standards and samples lie within uncertainty of the
values published by Thirlwall and Anczkiewicz (2004) and Vervoort et al. (2004);
Supplementary Table 5.3, regardless of zircon REE content demonstrating the
accuracy of Yb corrections. Furthermore no correlation exists between 176Hf/177Hf
and 178Hf/177Hf, 174Hf/177Hf, 176Lu/177Hf ratios for any zircon reference materials,
including high Lu/Hf standards Temora-2, FC1 and R33. Based on results from the
7 reference zircons, which were all within error of accepted solution values
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reported by Woodhead and Hergt (2005), no additional external corrections to the
measured 176Hf/177Hf were required.
Zircon 176Lu/177Hf ratios must be accurately determined by LA–MC–ICPMS, to
enable corrections for in-growth of radiogenic 176Hf. Average measured 176Lu/177Hf
ratios within reference zircons with a range of reported compositions based on
solution analyses (Plesovice, .000042–0.000141; Mud Tank, 0.000041; Monastery,
0.000009; QGNG, 0.000731; Temora-2, 0.00109; FC1, 0.001262; R33, 0.001989)
are in good agreement with the measured laser analyses: 0.000111, 0.000018,
0.000011, 0.000807, 0.001082, 0.001033 and 0.001427, respectively. The mean
176

Hf/177Hf ratios for the 7 reference zircons deviate from published solution values

by +0.0 (Plesovice); +0.30 (Mud Tank), +0.33 (QGNG), +0.15 (FC-1), -0.24
(TEM-2), -0.16 (R33) and -0.08 (Monastery) εHf units (Supplementary Table 5.3).
The segmental processing of the laser ablation data means that any down-hole
variation in Lu/Hf and 176Hf/177Hf ratio can be detected and tracked. In all samples
spot analyses Lu/Hf and 176Hf/177Hf ratios were uniform throughout data
acquisition.
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Table 5.S1: The measured 178Hf/177Hf, 176Lu/177Hf and 176Hf/177Hf ratios for the
reference zircons.

Lu–Hf data for standards
174

Analysis Name

Hf/177Hf

1SE

178

Hf/177Hf

1SE

176

Lu/177Hf

1SE

176

Hf/177Hf

1SE

εHf(0)

1SE

Standards (Nov. 2013)
QGNG1.1

0.008675659

1E-05

1.46753199

6.42E-05

0.000874386

2.01E-05

0.28157974

1.71E-05

-42.6211

0.604854

QGNG1.2

0.008661702

1E-05

1.467666015

5.24E-05

0.000946191

2.09E-06

0.281630271

1.75E-05

-40.8342

0.620412

QGNG1.3

0.008657118

1E-05

1.46771238

5.26E-05

0.00097582

2E-06

0.281639275

1.62E-05

-40.5158

0.57245

QGNG1.4

0.008636056

1E-05

1.467661874

7.39E-05

0.000644252

9.52E-06

0.281588066

1.96E-05

-42.3267

0.694499

QGNG1.5

0.008674033

1E-05

1.467688063

4.31E-05

0.000545268

1.6E-06

0.281587217

1.37E-05

-42.3567

0.485461

QGNG1.6

0.008649707

1E-05

1.467671906

5.03E-05

0.000961966

1.61E-05

0.281597734

1.31E-05

-41.9847

0.464079

QGNG1.7

0.008611872

2E-05

1.46758901

8.17E-05

0.001125696

3.41E-05

0.28159789

1.92E-05

-41.9792

0.679993

QGNG1.8

0.008655717

2E-05

1.467631017

3.87E-05

0.000581672

2.11E-07

0.281578168

1.25E-05

-42.6767

0.440752

QGNG1.9

0.008670097

2E-05

1.467646239

5.67E-05

0.00092659

6.56E-06

0.28160479

1.63E-05

-41.7352

0.577558

1.467644277

5.47E-05

0.000842427

0.000202

0.28160035

2.15E-05

-41.8922

0.758776

0.281612

0.000006

-41.5

0.21

1.09E-07

0.282534148

1.23E-05

-8.87077

0.436348

AVERAGES +/- 1SD
Accepted value (Woodhead and Hergt, 2005)
MUDTANK.1

0.008677334

7E-06

1.467605534

4.47E-05

MUDTANK.2

0.008678288

9E-06

1.467588721

4.69E-05

1.5903E-05

1.2E-07

0.282494007

1.28E-05

-10.2902

0.452821

MUDTANK.3

0.008670753

8E-06

1.467667376

4.75E-05

1.76497E-05

1.09E-07

0.282512606

1.33E-05

-9.63256

0.469864

MUDTANK.4

0.008666138

6E-06

1.467629272

4.77E-05

1.23061E-05

1.2E-07

0.282494513

1.36E-05

-10.2724

0.482372

MUDTANK.5

0.008671066

8E-06

1.467664663

4.5E-05

1.38322E-05

1.13E-07

0.282492847

1.19E-05

-10.3313

0.419214

MUDTANK.6

0.008674064

8E-06

1.467649167

4.41E-05

9.57897E-06

1.22E-07

0.282507817

1.11E-05

-9.80189

0.393581

MUDTANK.7

0.008667863

1E-05

1.467676183

5.04E-05

2.31104E-05

1.66E-07

0.282527115

1.34E-05

-9.11947

0.474467

MUDTANK.8

0.008681782

9E-06

1.467583437

5.42E-05

2.12923E-05

1.9E-07

0.282510379

1.46E-05

-9.71128

0.517616

MUDTANK.9

0.008655404

1E-05

1.467632422

5.36E-05

5.16788E-05

3.3E-07

0.282502227

1.34E-05

-9.99958

0.472931

MUDTANK.10

0.008682635

9E-06

1.467648664

4.94E-05

1.67038E-05

1.28E-07

0.282507944

1.29E-05

-9.79742

0.45456

0.28250836

1.38E-05

-9.78269

0.488202

0.282507

0.000006

-9.83

0.21

AVERAGES +/- 1SD

1.78427E-05

4.83E-05

Accepted value (Woodhead and Hergt, 2005)
FC-1#1

0.008622792

1E-05

1.467390008

3.19E-05

0.001441037

4.64E-06

0.282204573

1.18E-05

-20.5254

0.418218

FC-1#2

0.008655102

1E-05

FC-1#3

0.008657485

1E-05

1.467432671

2.5E-05

0.000510827

1.1E-05

0.282165011

8.94E-06

-21.9244

0.316089

1.467420161

3.67E-05

0.00122265

9.5E-06

0.282181057

1.31E-05

-21.357

0.464285

FC-1#5

0.008649248

1E-05

1.467413905

3.41E-05

0.000474142

9.3E-06

0.282165278

9.22E-06

-21.915

0.326205

FC-1#6

0.008632394

9E-06

1.46737817

3.29E-05

0.001158438

1.3E-05

0.282172908

9.38E-06

-21.6452

0.331795

FC-1#7

0.008654652

1E-05

1.467393468

3.07E-05

0.001183017

3.97E-06

0.2821983

1.1E-05

-20.7472

0.389909

FC-1#8

0.008656132

1E-05

1.467443752

3.64E-05

0.001006695

3.05E-05

0.282192581

1.04E-05

-20.9494

0.368109

FC-1#9

0.008665237

1E-05

1.467401323

3.05E-05

0.000909608

1.19E-06

0.28216995

8.89E-06

-21.7498

0.314352

FC-1#10

0.008654197

1E-05

1.467390223

3.13E-05

0.001084048

2.31E-05

0.282182132

9.64E-06

-21.3189

0.340999

AVERAGES +/- 1SD
Accepted value (Woodhead and Hergt, 2005)

0.00099894

0.28218131

1.45E-05

-21.348

0.512446

0.001262

0.282184

0.000016

-21.25

0.57
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Table 5.S2: The measured U, Pb and Th from SHRIMP analysis for samples.
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6.1 Abstract
The Manning Group is characterised by rapidly filled strike-slip basins that
developed during the Early Permian along the Peel-Manning Fault System in the
southern New England Orogen. Typically, the Manning Group has been difficult to
date due to the lack of fossiliferous units or igneous rocks. Thus, the timing of
transition from an accretionary convergent margin in the Late Carboniferous to
dominantly strike-slip tectonic regimes that involved development and
emplacement of the Great Serpentinite Belt (Weraerai terrane) is not well
constrained. One exception are rhyolites of the Ramleh Volcanics that were erupted
into the Echo Hills Formation. These developed along the dextral Monkey Creek
Fault splay east of the Peel-Manning Fault System. Zircons extracted from the
Ramleh Volcanics yield a U–Pb (SHRIMP) age of 295.6 ± 4.6 Ma that constrains
the minimum age of deposition in this basin to earliest Permian. Whole rock
geochemistry indicates these are peraluminous felsic melts enriched in LREE and
incompatible elements with strong depletions in U, Nb, Sr and Ti.These are similar
in age and composition to the nearby S-type Bundarra and Hillgrove Plutonic
Supersuites. We suggest that extensive movement along the east-dipping PeelManning Fault System was responsible, not only for strike-slip basin development
at the surface (Manning Group), but also for focusing S-type magmas. Thus
hanging wall fault splays were conduits feeding volcanism, whereas magmas that
stalled at depth coalesced to form S-type batholiths east of the Peel-Manning Fault
System.
6.2 Introduction
Deep-seated transverse faults within active orogens can accommodate hundreds
of kilometres of movement between crustal blocks and can act as important
conduits for hydrothermal and igneous activity (Aydin, et al., 1990; Tibaldi, 1992;
Petford et al., 1993; Wagner et al., 2006; Acocella et al., 2011). Within these fault
systems, localised zones of transtension result in the development of strike-slip or
pull-apart basins (Aydin et al., 1982; Wood et al., 1994; Barnes et al., 2005). Strikeslip basins are characterised by poorly sorted conglomerates, gravels and
diamictites infilling narrow, elongate, en-echelon basins (Freund, 1971; Mayer,
1972; Hempton and Dunne, 1984; Garfunkel and Ben-Avraham, 1996; Paik 2007;
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Ryang 2013). Occasionally, igneous rocks are channelled along fault conduits and
erupt into the basin and are interspersed with basin sediments (Mann et al., 1983).
These igneous units can provide important age constraints within rapidly filled and
often unfossiliferous transtensional basins. Sedimentation in transverse basins is
usually contemporaneous with the ongoing strike-slip deformation. Prolonged
movement along basin-bounding faults can result in; 1) basin “roll-over” (Faccenna
et al., 1994); 2) tilting of the basin sediments (Wood et al., 1994); and 3)
contractional deformation (Barnes et al., 2005). Subsequent erosion can expose
these highly deformed sequences, which in the case studied here at Mulla Creek,
includes intercalated rhyolites of the Ramleh Volcanics that erupted into the Early
Permian Echo Hills Formation along the Monkey Creek Fault within the southern
New England Orogen
The southern New England Orogen underwent a period of extensive transform
faulting during the Early Permian that resulted in development of the Peel-Manning
Fault System and emplacement of the Great Serpentinite Belt (Weraerai terrane)
(Figure 6.1). (Cawood 1982a, b; Holcombe et al., 1997; Caprarelli and Leitch 1998;
Aitchison and Flood 1992; Aitchison et al. 1992). This coincided with west to east
magmatic arc migration and the intrusion of S-type granites into the previously
established Carboniferous accretionary complex (Tablelands Complex or Anaiwan
terrane). Two suites of Early Permian S-type granites - the Bundarra and Hillgrove
Plutonic Supersuites, formed from the melting of the Carboniferous accretionary
wedge (Flood and Shaw 1977; Shaw and Flood 1981; Hensel et al., 1985; Phillips
et al., 2011). Minor mafic intrusive and volcanic rocks also erupted during this time
(Capraelli and Leitch 2001; Korsch et al. 2009). Geochemically, these minor mafic
rocks are characterised by the mixing of depleted mantle wedge material and
assimilated sedimentary rocks (Caprarelli and Leitch 1998; Moody et al., 1993; Li
et al., 2014; McKibbin et al., 2017).
In this paper, we provide U–Pb zircon ages and whole rock geochemistry for
rhyolites collected from the Ramleh Volcanics interbedded within the upper section
of the Echo Hills Formation at Mulla Creek in the southern New England Orogen
(Figure 6.1, 2). This data provides an age constraint as to the timing of strike-slip
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basin development along the Peel-Manning Fault System and insights into the
generation and channelling of S-type magmas along major transtensional structures.
6.3 Geological Context
6.3.1 Southern New England Orogen
Carboniferous continental convergent assemblages largely dominate the southern
New England Orogen. The Peel Manning Fault System separates the forearc
component of the system to the west from its associated accretionary complex to
the east. Rocks making up the forearc basin sequence are termed the Tamworth
Belt. It consists of volcaniclastic deposits and ample felsic volcanic rocks (Roberts
and James, 2010). The Anaiwan terrane (Flood and Aitchison, 1988) or Tablelands
Complex (Roberts and Engel, 1987) is the accompanying accretionary wedge to the
east. Isoclinaly folded turbidites are abundant throughout the terrane as well as
chert and oceanic basalt (Fergusson, 1984).
The Currabubula-Connors-Auburn continental arc was established in the early
Carboniferous (Glen 2013), though it has since been largely covered by the backarc Permian-Triassic Sydney-Gunnedah Basin. As volcanic activity in the
Carboniferous arc came to an end, magmatism migrated east into its respective
accretionary complex, the Anawian terrane (Flood and Aitchison, 1988). This Early
Permian period was marked by slab-steepening (Phillips et al., 2008) or slab breakoff (Caprarelli and Leitch 1998) and resulted in the influx of young, hot melt into
the asthenospheric mantle wedge. The increase in the geothermal gradient, lead to
the melting of the overlying accretionary complex. This culminated with the
emplacement of extensive S-type granites such as the Bundarra Plutonic Supersuite
and the Hillgrove Plutonic Supersuites (Cawood et al., 2011; Jeon et al., 2012;
Phillips et al., 2011; Rosenbaum et al., 2012).
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Figure 6.1: a: Tasmanides of eastern Australia, after Glen (2005). b: The southern
New England Orogen in NSW. Terminology of terranes from Flood and Aitchison
(1988).
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The S-type Hillgrove Plutonic Supersuite (~ 300 Ma) represents the start of
extensive plutonism within the southern New England Orogen (Binns et al., 1967;
Collins et al., 1993; Kent 1994). Early Permian Plutonic Supersuite experienced
solid-state deformation, with a population of Rb–Sr ages of ~ 260 Ma for lower
amphibolite facies biotite formed at lower amphibolite facies (Landenberger et al.,
1995). Granites making up the Bundarra Plutonic Supersuite (~ 285 Ma) are
geochemically and lithologicaly very similar. Bundarra Plutonic Supersuite (~ 285
Ma) is marginally younger than its Hillgrove Plutonic Supersuite (~ 300 Ma)
counterpart (Shaw and Flood, 1982). It is characterised by non-foliated
monzogranites and formed from the mixing of crustal derived sedimentary melts
and depleted mantle suites (Jeon et al., 2010; Phillips et al., 2011).
Sub-aerial volcanics of Early Permian age are rare in comparison to the S-type
plutonic rocks mentioned above. The Werrie Basalt (Figure 6.1); (266.4 ± 3.0 Ma);
(Li et al., 2014) and Boggabri Volcanics (west, out of frame, Figure 6.1); (~ 300269 Ma); (McPhie 1984; Korsch et al., 2009; Brownlow 1999; Brownlow and
Arculus 1999) make up the basal sequences of the Sydney-Gunnedah Basin
(McPhie 1984; Korsch et al., 2009; Brownlow and Arculus 1999). The former is
sourced from a depleted asthenosphere, with initial εNd = +2.05 to +6.00
(Caprarelli and Leitch, 2001) and have relatively smooth chondrite-normalised rare
earth element (REE) spider diagrams when considering Nb, Ta and Ti anomalies
that mark fluid-fluxing (Flood et al., 1993). On the other hand, the Boggabri
Volcanics are characterised by high concentrations of high field strength
incompatible elements, Zr/Y(N) = 2.1 and Nb/Y(N) = 3.2, have flat and depleted
HREE(N), which high arc like Al/Y(N) ratios (Brownlow and Arculus, 1999). McPhie
(1984) suggests that these siliceous Boggabri Volcanics are the youngest
manifestation of the waning late Carboniferous Currabubula-Connors-Auburn
continental arc.
The Alum Mountain Volcanics (274.1 ± 3.4 Ma); (Roberts et al., 1995a); (271.8
± 1.8 Ma); (Li et al., 2014) consist of basalt, andesite, dacite and rhyolite. The
volcanic rocks are located at the base of Gloucester Basin (Figure 6.1). Flat REE
patterns are observed with La/Sm(N) = 0.54 to 1.07, La/Yb(N) = 0.94 to 2.78, εNd =

187

+ 5.61 to + 8.73 (Caprarelli and Leitch, 2001) demonstrating large degrees of
asthenospheric partial melting.
Other notable occurrences of Early Permian volcanic rocks are the I-type Halls
Peak Volcanics (295.7 ± 2.2 Ma); (McKibbin et al., 2017); (Figure 6.1). These have
a mixed arc to depleted rift geochemical signature (Moody et al., 1993). The
thoelitic gabbros of the Bakers Creek Suite gabbros (299.3 ± 3.1 Ma); (McKibbin et
al., 2017); (Figure 6.1) show low Th/Nb, high Y/Zr, high Ba/La, and MORB Ti-V
values. Most of the Bakers Creek Suite gabbros have this MORB-like geochemical
signature. However, Nb/Yb and Th/Yb ratios also demonstrate strong “oceanic arc”
signatures. McKibbin et al. (2017) suggest the Bakers Creek Suite gabbros
represent early forearc melts, with both arc-like and mantle-like geochemical
characteristics as the arc migrated to the east.
These melts are the depleted, mantle derived end members noted by Phillips et
al. (2011), with mingling noted between these gabbroic rocks and the Hillgrove
Plutonic Supersuite noted by Jenkins et al. (2002). However, it is unlikely that the
primary melts from the S-type Hillgrove Plutonic Supersuite were derived directly
from the mafic I-type Bakers Creek Suite gabbros. Magmatic zircons from the
Hillgrove Plutonic Supersuite do not record the same juvenile/unradiogenic epsilon
Hf values, which typically plot on the depleted mantle evolution line. If the S-type
Hillgrove Plutonic Supersuite is a result of the I-type Bakers Creek Suite gabbros
mixing with sediments, then juvenile, magmatic zircons from the latter must have
already precipitated

Blair (1983) mapped and described the Echo Hills Formation, which is one of
many small isolated strike-slip basins that developed along the Peel-Manning Fault
System during the Early Permian (Voisey, 1958; Mayer, 1972; Flood and Aitchison
1988; Jenkins and Offler 1996). Regionally, these Early Permian diamictites and
mass-flow deposits are grouped together as the Manning Group (Mayer, 1972) or
Barnard Beds (Allan and Leach 1990). Small, localised Early Permian strike-slip
basins are also reported along the Peel-Manning Fault System at Attunga (Manton
et al., 2017a), Nundle, Barry Station (Buckman, 1993; Allan and Leitch, 1990;
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Aitchison et al. 1997) and Glenrock (Vickers et al., 1993). Provenance studies by
Buckman (1993) and Aitchison et al. (1997) indicate the small, elongate basins at
Barry and Glenrock are derived from adjacent terranes and experienced syndepositional deformation. They suggested that the en echelon shape of the basin as
well as kinematic shear fabric indicators within the adjacent serpentinites indicate a
dextral sense of movement. Extensive outcrops occur farther south where they are
referred to as the Barnard Beds (Heugh 1971; Allan 1987; Leitch, 1988; Allen and
Leitch 1990). These authours suggest they belonged to a single basin that was
dissected and dispersed by strike-slip faulting.
The Ramleh Volcanics within the Echo Hills Formation at Mulla Creek is the
only recorded occurrence of volcanic rock interbed with the Manning Group and
therefore provides an important age constraint for the development of these Early
Permian strike-slip basins along the Peel-Manning Fault System. Late
Carboniferous to Early Permian fossils have been described by (Price 1973) from
the Manning Group and recently, detrital zircon ages of ~ 288 Ma (White et al.,
2016) provide a maximum age of deposition for one of the larger southern basins
(Figure 6.1).
6.4 Analytical Methods
6.4.1 Whole Rock X–ray Florescence and ICP–MS Analysis
Hand samples collected from lava flows at Echo Hills were crushed using Cr–Ni
TEMA ring mill. Fused beads were created from the powder and subjected to X–ray
fluorescence (XRF) major element analysis. Li metaborate and Li tetraborate were
added for flux. Sample carbonate, non-metallic base oxide and aluminosilicates
geochemical characteristics determined the resultant Li metaborate contents added,
which were 12%; 22%; 57% and 43% and 100%. Oxidation of the samples was
carried by adding 5 ml of lithium nitrate solution then left overnight at 60 °C,
following which were fused in a furnace. Trace element analysis was carried out on
pressed pellets that were created by mixing polyvinyl acetate (PVA) binder with ~ 5
g of sample, the mix was then pressed into an aluminum cup. Whole rock
geochemical analysis was carried out on a SPECTRO XEPOS energy dispersive
polarization X–ray fluorescence spectrometer at the University of Wollongong. All
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major elements were within a relative percentage standard deviation of <3% during
the period of analysis based on the W-2 dolerite (n = 4) standard.
REE analysis was carried out at the ALS Minerals Division via ICP–MS,
Brisbane (geochemical procedure ME-MS81). Fluxes used were Li metaborate and
Li tetraborate prior to fusing in a furnace, where the subsequent melt was dissolved
in a progressively stronger acid mixtures of nitric hydrochloric and hydrofluoric
acid. The solution was then run through a ICP–MS. Standards were OREAS 120
and STSD-1 and were within 10% of error.
6.4.2 Zircon Separation and Cathodoluminescence Imaging
Zircons were concentrated using heavy liquid and isodynamic separation
techniques at the mineral separation laboratory of the Research School of Earth
Sciences, the Australian National University (ANU). Using a binocular microscope,
concentrates were hand-picked and selected grains, along with reference Temora
zircons (Black et al., 2003), were cast into an epoxy resin disc. Once cured, the disc
was ground to a mid-section level through the grains and then polished with 1 µm
diamond paste. Reflected, transmitted light and cathodoluminescence (CL) imaging
was used to document the grains (Figure 6.7).
6.4.3 U–Pb Ion Microprobe Zircon Geochronology
Zircon U–Th–Pb analysis was undertaken on the SHRIMP II instrument at the
ANU (Table 6.2) following analytical protocols of Williams (1998). The raw data
was reduced offline using the new ANU software ‘POXI-SC’ - a unified and more
data-rich version of the old ANU software packages “PRAWN” and “Lead” (which
requires redundant MAC OS ≤ 9 platforms). Measurements of 206Pb/238U in
unknown zircons were calibrated using the Temora standard (U–Pb ages concordant
at 417 Ma; Black et al., 2003). The reference zircon SL13 (U = 238 ppm) located in
a set-up mount was used to calibrate U and Th abundances. The ISOPLOT program
(Ludwig, 2003) was used to assess and plot the reduced and calibrated data.
206

Pb/238U ratios were used to determine the Phanerozoic ages. Correction for

common Pb was by the 207Pb method (Compston et al., 1983; concordancy
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assumed). Weighted mean ages of the corrected 206Pb/238U ratios are reported at a
95% confidence level.
6.5 Results
6.5.1 Field relationships of the Echo Hills Formation
The steeply dipping beds of the Echo Hills Formation strike N-S along the main
axis of the basin (Figure 6.2). The western and eastern margins of the basin are
bound by spays off the Monkey Creek Fault, which join at the northern and
southern ends of the basin forming an en echelon “lazy Z” configuration. Clasts
within the Echo Hills Formation have been sourced locally with green chert
fragments resembling rocks of the adjacent Carboniferous accretionary complex,
the Anaiwan terrane (Blair, 1983). Individual channel-fill packages within the ~
1700 m thick sedimentary sequence locally grade from coarser grain diamictites
and conglomerates into fine grain siltstones (Blair, 1983). Rhyolite flows were first
described by Blair, (1983) and named the Ramleh Volcanics. Columnar jointed
rhyolite displaying distinct flow banding is evident in outcrop (Figure 6.3a-c)
indicating near vertical dipping, N-S striking beds consistent with the sedimentary
units in the lower (eastern) sections of the Echo Hills Formation. The rhyolite flows
occur predominantly on the western edge of the basin in the uppermost stratigraphic
position. However, discontinuous sills and dykes intrude the lower sections closer
to the eastern margin and these probably represent feeders to the upper rhyolite lava
flows. These felsic volcanic rocks are typically aphanitic and glassy with rare
quartz and plagioclase phenocrysts. (Figure 6.3c, d). Contacts between the volcanic
rocks and the Echo Hills Formation are rare, as they are sites of preferential
weathering but a contact in Mulla Creek displays well-developed autoclastic breccia
at the base of the volcanic flow consistent with eruption into wet, soft sediments
(Blair, 1983).
In the SW corner of the basin, a small sliver of granitic rock is located, termed
the “Dungowan Adamellite” (Figure 6.2); (Blair, 1983). Blair (1983) relates the
intrusive body to the Early Permian Bundarra Plutonic Supersuite based on its
geochemical affinity and minor quartz and feldspar inter-crystal deformation. No
zircon U–Pb ages have been reported for this rock.
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Figure 6.2: a: Local map of sedimentary basin and overlying volcanic rocks at Echo
Hills from Blair (1983). “MC” spots refer to sample locations. b: Type-section of
Echo Hills sedimentary succession from Blair (1983). An unconformity is present at
the top of the sequence, below the lavas and autoclastic breccia. The base of the
succession is fault bounded. c: Cross-section of basin located between A’ and A” on
Figure 6.2a.
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Figure 6.3: a: Horizontal columnar joints in the Ramleh Volcanics at 31°09'53.18"
S, 150°10'49.08" E. b: Close up image of image a. c: Well defined vertical flow
banding within the Ramleh Volcanics at 31°09'49.28" S, 150°10'56.72" E. Geo pick
end at bottom of image for scale. d: A series of tension gashes within the rhyolite
with horizontal flow banding at this location 31°09'48.33" S, 150°10'56.64" E. e:
Location of zircon bearing highly weathered rhyolite. 31°09'36.99" S,
150°10'18.87" E. f: Folded columnar joints with horizontal flow banding at same
location as figure 6.3d. g: Highly weathered diamictites from the Echo Hills
Formation at 31°10'34.63" S, 151°11'00.14" E. h: Steeply dipping mudstones
located towards the centre of the basin at 31°09'27.79" S, 151°10'30.77" E.
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6.5.2 Petrology and Mineralogy
Overall the rhyolite is glomeroporphyritic in texture with sanidine and
plagioclase clusters forming ~ 5% of the rock volume (Figure 6.4a, b). Some
feldspar clusters have been heavily altered and replaced by to iron oxides.
Devitrification textures are common in the groundmass appearing as a “felty” or
pilotaxitic texture.

Figure 6.4: Photomicrographs of pilotaxitic textured Ramleh Volcanics. Clustering
of altered feldspar laths leading to glomeroporphyritic texture, centre bottom. a:
cross-polarised light. b: plain-polarised light.
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6.5.3 Geochemical Discrimination plots
Geochemical analysis of Ramleh Volcanics are given in Table 6.1. All samples
from the volcanic rocks plot as rhyolites on the total alkali silica (TAS) plot (Le Bas
et al., 1986); (Figure 6.5a). On the Al-saturation plot of Shand (1943), (Figure 6.5b)
the rhyolites are slightly peraluminous. Based on granitic tectonic discrimination
diagrams, the rhyolites plot as syn-collisional (syn-CLOG) S-type granites to
typical volcanic arc granites (VAG); (Figure 6.5c, d) and again as syn-collisional
(S-Type) to volcanic arc granites on the Nb vs. Y plot. The volcanic rocks
demonstrate marginal fractionation based on the (K2O + Na2O)/CaO vs. Zr + Nb +
Ce + Y plot from Whalen et al. (1987); (Figure 6.5e).
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Figure 6.5: a: Lava flows from Echo Hills plot as rhyolites on the Total Alkali
Silica (TAS) plot (Le Bas et al., 1986). b: Al(Na + K) – Al/(Ca + Na + K) plot
(Shand, 1943). The rhyolites plot between syn-COLG and VAG (S- and I-type
granites respectively); (Pearce et al., 1984b). This is supported by their location on
the A-type granitic discrimination diagram (e) of Whalen et al. (1987). Hillgrove
Plutonic Supersuite data from (Chappell, 2010) Bundarra Plutonic Supersuite data
complied by Geological Survey of NSW as part of the Geochemistry (Whole Rock)
dataset. For information regarding original Bundarra Plutonic Supersuite whole
rock geochemical datasets, see supplementary table 6.1. Andean Lower BarrosoSencca Ignimbrite data from Lebti et al. (2006).
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Table 6.1: Whole rock XRF and ICP–MS data geochemical analyses of rock
samples from Ramleh Volcanics Eua = √(SmN x GdN). (N)b = element normalised to
primitive mantle.
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6.5.4 Rare Earth Patterns
The primitive-mantle normalised (Sun and McDonough, 1989) trace elements from
the Ramleh Volcanics are enriched in LREE (Figure 6.6). La/Sm(N) = 3.93-4.32 and
La/Yb(N) = 7.47-9.34. HREE contents are represented by Sm/Y(N) values of 1.772.35. Enrichment of incompatible elements are seen with high ratios of and Nb/Y(N)
= 1.04-2.17 and Zr/Y(N) = 1.55-3.74. Nb/Zr(N) ratios are atypical of depleted mantle
at 1.11-0.37 (MORB = ~ 40) with typical arc-like Ba/Rb(N) ratios of 0.2-0.42.
Strong depletions are seen in U, Nb, Sr and Ti.

Figure 6.6: Whole rock rare earth element (REE) data. All REE abundances are
normalised with primitive mantle values of Sun and McDonough (1989).
Comparison locality is from the Neogene and Quaternary ignimbrites of Arequipa,
Southern Peru (Labti et al., 2006).
6.5.5 U–Pb Zircon
Zircon separation was undertaken on several Ramleh Volcanics samples, but
only the most coarse-grained one, MC1614 (31° 10' 34.4388'' S, 151° 11' 0.7188''
E) yielded zircons (~ 200 grains from ~ 3 kg of rock). Most of the grains are stubby
with oscillatory zoning. Grains greater then 200 µm in length have oscillatoryzoned rims and cores with cloudy sector zoning. No correlation is apparent between
zircon morphology and the calculated U–Pb age. Thirteen analyses were undertaken
on 11 zircons. The grains have U abundances of 191 to 303 ppm, with Th/U ratios
between 0.40 and 0.60. The amount of common Pb was small in all samples
(average ƒ206 = 0.16%); Table 6.2). Even prior to correction for small amounts of
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common Pb, the data plot near to Concordia on a 238U/206Pb – 207Pb/206Pb plot
(Figure 6.8). All common Pb correction 206Pb/238U ages yield a weighted mean
average of 296.5 ± 1.5 Ma with an MSWD of 9.9, indicating the spread of ages is
well beyond analytical error. Analyses #4.1 has a significantly younger apparent
206

Pb/238U age and the highest amount of common Pb, and displays the most

clouded zoning in CL out of all zircons (Figure 6.7). This grain is interpreted to
have been affected post magmatic recrystallisation, giving rise to a younger
apparent age. Four analyses yield a cluster of oldest ages (#1.1, 2.2, 9.1 and 10.1)
with a weighted mean 206Pb/238U age of 304.5 ± 4.4 Ma (95% confidence, MSWD =
0.82). The remaining 7 analyses, including duplicate analyses on grain 3 yield a
weighted mean 206Pb/238U age of 291.7 ± 2.9 Ma (95% confidence, MSWD = 0.51).
Pooling analyses (apart from #4.1) gives a weighted mean 206Pb/238U age of 295.6 ±
4.6 Ma (95% confidence, MSWD = 2.8); (Figure 6.8). These ages will be explored
in more detail in the Discussion section of this paper.
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Figure 6.7: Cathodoluminescence images of analysed zircons.
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Figure 6.8: Combined 238U/206Pb – 207Pb/206Pb Tera-Wasserburg Concordia
diagrams (data plotted prior to correction for small amounts of common Pb) and
inset histogram of the grain ages corrected for common Pb.
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Table 6.2: Summary SHRIMP zircon U–Th–Pb data. p=prismatic, eq=equant,
e=end,m=middle, c=core, h=homogeneous and sector zoning, hd=homogeneous
dark, fr=fragment. Corrected age for common Pb by the 207 method with the 500
Ma model Pb of Cumming and Richards (1975). Errors are to 1 sigma.

202

6.6 Discussion
6.6.1 Nature of Strike-slip Basins
Initially, all Early Permian sedimentary rocks within the southern New
England Orogen were referred to as the Barnard Beds (Heugh 1971; Allan 1987,
Leitch 1988; Allen and Leitch 1990). It was envisioned as a single basin, deposited
over a large portion of the southern New England Orogen, where it was later
dissected and dispersed by strike-slip faulting. Evidence provided by Buckman
(1993) and Aitchison et al. (1997) suggest this theory for basin formation may be
incorrect. Buckman (1993) and Aitchison et al. (1997) provide provenance data
indicating rocks filling the small, elongate basins along the southern portion of the
Peel-Manning Fault System were derived from adjacent terranes. Also kinematic
shear fabric indicators within the adjacent serpentinites indicate a dextral sense of
movement.
Early Permian rhyolites were injected along the Monkey Creek Fault and
erupted into the upper sections of the Echo Hills Formation as rhyolite flows. In
places, the intrusive nature of the rhyolite is evident by the presence of autoclastic
breccia between the rhyolites and the discontinuous nature of the sills and dykes.
The rhyolite flows that did erupt into the basin are characterised by strong flow
banding (Figure 6c, d) and well-developed columnar jointing that indicates nearvertical tilting of the sequence.
The steeply east-dipping Monkey Creek Fault is a synthetic N-S trending
strike-slip fault splay of the larger Peel-Manning Fault System ~ 10 km to the west
(Fig. 6.9). Locally mass-flow deposits of the Echo Hills Formation have rapidly
filled a transtensional depocenter formed due to a strike-slip “jog” in the fault.
Rapid sedimentation rates are demonstrated by the dominance of coarse, poorlysorted mass-flow deposits displaying normal and reverse grading beds that were
deposited during initial stages of basin formation. These high-energy, mass-flow
facies are described by Lowe (1982) and are common in most strike-slip basins
(Wood et al., 1994; Chough and Sohn 2010) due to the steep relief that develops
along the fault-bound basin margin (Barnes et al., 2005).
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Figure 6.9: Sinistral sense of movement on the Peel Fault, led to the formation of
the Monkey Creek Fault spay, and the subsequent deposition of sediment into the
Echo Hills Basin. Structural date from the NSW Geological Survey.
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The measured thickness of the basin at Echo Hills is ~ 1700 m (Blair, 1983),
though this is considered a minimal thickness due to the faulted nature of the basin
margin contacts and the erosional contacts present between each sedimentary
channel-package. The fining upward nature of individual beds reflects the episodic
influx of mass-flow deposits into a localised, rapidly subsiding, shallow marine
basin. Inturn, the overall fining upward nature of the basin is indicative of its rapid
infilling and transition from a steep-sided, deep marine basin dominated by highenergy mass-flow deposits to a shallow marine or terrestrial basin dominated by
deposition of mud and silt. This is believed to be a function of active basin
subsidence (Blair, 1983). Blair (1983) also notes that the volcanic rock fragments of
siliceous to dacitic composition dominate the sandstone facies (21-39% by volume).
Conglomerates and diamictites on the other hand, are dominated by locally derived
chert and argillite, with minimal volcanic fragments. This led Blair (1983) to
conclude there were two mechanisms by which sediments were deposited into the
basin. 1) Locally derived mass-flow deposits from the sides of the basin and 2)
distal turbidite currents, originating from an area of active siliceous volcanism that
would have accompanied the emplacement of the Bundarra Supersuite at the time.
The Hanmer Basin on the Hope Fault, New Zealand has long been regarded
as the classical example of the “spindle-shaped” strike-slip basin (Wood et al.,
1994). The basin is 10 x 20 km with dextral movement on the master transverse
faults. The Late Jurassic to Early Cretaceous greywacke country rocks are currently
being eroded into the basin and at the same time being deformed asymetically along
the axis of the basin. This leads to the recycling of sediments away from the
uplifted compression ridges in the south, to areas of active sediment tilting to the
north. Syn-sedimentary structures like those seen in the Hanmer Basin are difficult
to identify within the Echo Hills Formation. However sandstone dykes that occur at
31° 9'49.04"S, 151°10'55.45"E suggesting the sediments were wet and unlithified
as the basin experienced deformation or significant seismic events.
The eruption style of the Ramleh Volcanics is similar to that of volcanic rocks
along the margin of the Cretaceous Eumsung Basin, Korea (Ryang 2013). The
Eumsung Basin is one of a series of non-marine basins that are controlled by NESW trending strike-slip faults within the southwestern Korean Peninsula (Chough et
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al., 2000). Sediments on the margin of this basin in Korea host a large portion of
volcaniclastics. The centre of the basin becomes dominated by clasts of granite and
gneiss country rock bound by a more siltstone rich matrix. As the Echo Hills Basin
under went roll-over, this lateral continuity of basin sediments, as seen in the
Eumsung Basin, became obscured. Also, based on magnetotelluric profiling by
Ryang et al. (1999), an igneous intrusive body is located at depth within the ~ 8km
think sediment pile of the Eumsung Basin. Based on imagery derived from the twoway travel times, it does not appear to form thin sill-like structures within the basin,
as we propose for the Ramleh Volcanics. However, this may be the equivalent
mechanism for emplacement i.e. spherical plutonism, for the Dungowan Adamallite
at the southern end of the Echo Hills Basin (Figure 6.1).
6.6.2 Petrology
Many of these mineral phases in the Bundarra and Hillgrove Plutonic
Supersuites are not seen in the Ramleh Volcanics. Hydrous phases such as biotite
and/or muscovite are absent from the Ramleh Volcanics. This indicates the required
water fugacity for the formation of these phases was not reached in the melt. In
comparison, the homogenous Bundarra Plutonic Plutonic Supersuite hosts
muscovite, corderite and minor garnet. The groundmass is dominated by apatite
(Bryant and Chappell, 2010). The Hillgrove Plutonic Supersuite is much less
peraluminous compared to the Bundarra Plutonic Supersuite and is coupled with
red biotite rather than muscovite and hosts minor almandine rich-garnet, actinolite
and cummingtonite amphibole (Bryant and Chappell, 2010). We suggest the
Ramleh Volcanics formed from a dryer melt in comparison to the Bundarra and
Hillgrove Plutonic Supersuite
6.6.3 Geochemistry
The Ramleh Volcanics are peraluminous in nature (molar
Al2O3/CaO+Na2O+K2O > 1). This suggests the melting of a sedimentary source has
predominantly produced them. The geology surrounding the basin is Carboniferous
turbidites, cherts and basalts of the Anaiwan terrane. The Bundarra and Hillgrove
Plutonic Supersuites are derived largely from the melting of the Carboniferous
Anaiwan terrane country rock. The general enrichment in LREE and incompatible
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elements with strong depletions in U, Nb, Sr and Ti seen in the Ramleh Volcanics is
characteristic of arc-like magmas (Davidson, 1987), though the melt still falls
within geochemical range of S-type granites. This may be a function of the
composition of the Carboniferous (Anawian terrane) country rocks, which are
predominately basalt-chert- greywacke associations. The voluminous greywackes
are sourced directly from the Carboniferous continental arc and may be responsible
for producing the transitional S- to I-type LREE patterns.
High field strength elemental (HFSE) contents are similar for both the Ramleh
Volcanics and the Andean Ignimbrites. Normalised Nb contents for the Ramleh
Volcanics are 7.34(N)-9.12(N) (avg = 8.18(N)), similar to an Andean I-type Ignimbrite,
7.43(N)-9.19(N) (avg = 8.24(N)) (Labti et al., 2006). The Hillgrove Plutonic Supersuite
on the other hand, has a much higher Nb content of 6.03(N)-24.26(N) (avg = 11.60(N))
and Bundarra Plutonic Supersuite with 7.01(N)-23.84(N) (avg=11.60). Ti(N) contents
are similar for the Ramleh Volcanics (0.70), Hillgrove Plutonic Supersuite (1.20),
and Bundarra Plutonic Supersuite (1.31), which in turn are similar to average
Andean I-type ignimbrite (0.76). High field strength elemental (HFSE) contents are
similar for both the Ramleh Volcanics and the Andean Ignimbrites. Average U
contents for the Ramleh Volcanics are also comparable to the Andean Ignimbrites
with a primitive-mantle normalised (Sun and McDonough, 1989) average of
17.75(N) and 17.89(N) respectively. In contrast, U contents for the granite supersuites
are 26.22(N) (Hillgrove Plutonic Supersuite) and 26.22(N) (Bundarra Plutonic
Supersuite). The lower Nb, Ti and U contents observed in the Ramleh Volcanics are
also found in the Hillgrove and Bundarra Plutonic Supersuites, though they exhibit
a much larger spread in values. This is likely a function larger heterogeneities
within the plutonic supersuite.
Zr/Y(N) ratios, demonstrating the enrichment or depletion of HFSE, are fairly
consistent between the Ramleh Volcanics, and Bundarra and Hillgrove Plutonic
Supersuites with 1.55(N)-3.74(N), 0.45(N)-3.17(N) and 0.67(N)-5.05(N). These are lower
compared to the Andean Lower Barroso-Sencca Ignimbrite which have HFSE
enriched end-members with 1.59(N)-13.95(N). Tightly clustered Zr/Y ratios for the Stype intrusive granites of the southern New England Orogen have also been
described by Phillips et al. (2011); Bryant et al. (2004); Maclean and Barrett (1993).
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High La/Yb(N) ratios are illustrative for arc-like magmas. The Andean I-type Lower
Barroso-Sencca Ignimbrite presented by Labti et al. (2006) have high La/Yb(N)
ratios of 6.55(N)-25.19(N). The Ramleh Volcanics and the Bundarra Plutonic
Supersuite have more subdue arc-like ratios of 7.47(N)-9.34(N) and 3.25(N)-3.49(N)
respectively. The Clarence River Plutonic Supersuite is a late Permian I-type group
of rocks consisting predominantly of tonalite, granodiorite and diorite. The
Supersuite formed in a similar setting to those rocks from the Mesozoic American
Cordillera. The Clarence River Plutonic Supersuite has the same board range of
ratios (3.6-14.0) as the Andean Lower Barroso-Sencca Ignimbrite (MacLean and
Barrett 1993; Bryant et al., 1997; Bryant et al., 2004).
Based on age correlation and subtle arc-like, HFSE contents, we suggest the
formation of the Ramleh Volcanics occurred much the same way as the Hillgrove
Plutonic Supersuite via mechanisms outlined by Phillips et al. (2011). Phillips et al.
(2011) suggest magma mingling occurred at depth between asthenospheric derived
basalts and sedimentary melts at depth.
The Bundarra Plutonic Supersuite is largely homogenous and magma mingling
in outcrop is absent (Flood and Shaw, 1975, 1977). Mingling is observed between
the Hillgrove Plutonic Supersuite and the Bakers Creek Suite gabbros (Jenkins et
al., 2002). The Bakers Creek Suite gabbros show low Th/Nb, high Y/Zr, high
Ba/La, and MORB Ti-V values demonstrating asthenospheric mantle wedge source,
with minimal slab contributions. McKibbin et al. (2017) suggest they represent
early forearc melts as the arc migrated to the west. These melts are characterised by
an incompatible element depleted end-member and a silica-enriched end member
(Phillips et al., 2011). It is unlikely the magmas making up the Hillgrove Plutonic
Supersuite were derived directly from the mafic Bakers Creek Suite gabbros as a
board range of εHf zircon values are not seen in the former (initial εHf = +5-+8)
indicating zircon crystallization in the Bakers Creek Suite gabbros occurred prior,
and separately to the Hillgrove Plutonic Supersuite (Phillips et al., 2011).
6.6.4 Geochronology
SHRIMP dating of zircons from the Ramleh Volcanics Rhyolite, Echo Hills
Formation, yields a suggested age of 295.6 ± 4.6 Ma (MSWD = 2.8) However the
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age data contains two zircon U–Pb populations. From 13 analyses of 11 zircons,
two zircon populations are 304 ± 4.4 Ma (MSWD = 0.51) and 291.7 ± 2.9 Ma
(MSWD = 0.51). The first Carboniferous zircon population may represent the
inherited age from the underlying Carboniferous accretionary complex. Therefore,
the younger age of 291.7 ± 2.9 Ma is probably a more accurate estimate of the
crystallisation age of the Ramleh Volcanics. Regardless of which interpretation is
adopted, this constrains the age of the uppermost section of the Echo Hills
Formation as earliest Permian.
The youngest detrital zircons ages from the Coffs Harbour Block, the eastern
portion of the Carboniferous accretionary complex are 320-323 Ma (Korsch et al.,
2009). This minimum age for deposition is within error for a whole rock Rb–Sr age
of 318 ± 8 Ma (Graham and Korsch 1985) from the same area meaning volcanism
to the west in the Currabubula-Connors-Auburn continental arc was coeval to
deformation and metamorphism within the accretionary complex. Zircon
inheritance from the Carboniferous accretionary complex is found in the Hillgrove
Plutonic Supersuite, with the crystallisation age being represented by a ~ 305 Ma
age and an older population from the sedimentary country rock at 324.3 ± 3.3 Ma
(MSWD = 0.94); (Cawood et al., 2011). Both of these detrital zircons ages from the
eastern Coffs Harbour Block and the Bundarra Plutonic Supersuite are older then
the apparent inherited population in the Ramleh Volcanics for the Ramleh
Volcanics (~ 304 Ma). With limited detrital zircon data for the Anawian terrane at
this location, we choose to adopt the 295.6 ± 4.6 Ma as the less well-defined
magmatic age.
This ~ 295 Ma age for crystallisation is younger than the ~ 302 Ma
crystallisation age for the Hillgrove Plutonic Supersuite (Collins et al., 1993; Kent
1994) but older than the Bundarra Plutonic Supersuite at 286 ± 13 Ma (Whole rock
Rb–Sr); (Flood and Shaw, 1977). Within the Hillgrove Plutonic Supersuite, zircon
U–Pb ages have been calculated for the Abroi granodiorites (302 ± 4 Ma); Tia
granodiorites (302 ± 4 Ma); (Collins et al., 1993), Rockvale Monzogranite (295.6 ±
2.4 Ma); (McKibbin et al., 2017) and the Harnham Grove Porphyriritc
Microtonalite (295 ± 2 Ma), the youngest in the supersuite (Black 2007). Slightly
older zircons ages have been described by McKibbin et al. (2017) for the Bakers
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Creek Suite gabbros (299.3 ± 3.1 Ma) and the Charon Creek Diorite (290.4 ± 3.2
Ma). Therefore the 295.6 ± 4.6 Ma crystallisation age of Ramleh Volcanics is
statistically indistinguishable from Hillgrove Plutonic Supersuite bodies. McKibbin
et al. (2017), based on the correction of ages from zircon ion-microprobe reference
material (SL13 and AS3), recalculated the age for the I-type Halls Peak Volcanics
to 295.7 ± 2.2 Ma. Recent I-type plutonism has been described along the western
portion of the Anawian terrane. These include the ca. 295 Ma Glenburnie Leucoadamellite (Kemp et al., 2009); 298.1 ± 2 Ma for the Jibbinbar Granite and 291.5 ±
2.2 Ma for the Bullaganang Granite (Donchal et al., 2007; Cawood et al., 2011).
Based on temporal data outlined here, the Ramleh Volcanics are closely associated
with the Hillgrove Plutonic Supersuite and we suggest they are comagmatic.
More regionally, the Manning Group has been difficult to date due to the lack of
fossils or datable volcanic units within most of these strike-slip basins. Other age
constraints for the Manning Group include late Carboniferous to Early Permian
fossils (Runnegar, 1970; Mayer 1972; Price 1973; Allan 1987). Limited detrital
zircon studies have been carried out on the Group. Recently White et al. (2016)
reported detrital zircons providing a maximum depositional age of ~ 288 Ma. A
lack of age data for each basin along the Peel-Manning Fault System make it
difficult to determine whether the age for the basins is consistent, or whether they
vary along strike. The Moonbi Suite intrudes and stiches the Peel-Manning Fault
System thus constraining the minimum age of fault movement and basin
development to ~ 250 Ma (Chappell et al., 1999) A tighter minimum age constraint
can be inferred from a K–Ar age, 273 ± 5.8 and 280 ± 5.6 Ma, obtained from a
nephrite deposit along the Peel-Manning Fault System (Lanphere and Hockley
1976). In this particular case, Nephrite formed via the reaction of ultramafic rock
with siliceous Djungati/Anawian terrane cherts and this age may constrain the
minimum age of emplacement of serpentinite along the Peel-Manning Fault
System.
6.6.5 Igneous Activity along Strike-slip Faults
It is common for volcanic suites erupted along steeply-dipping transverse faults
to be rapidly buried (Mann et al., 1983) and obscured, if deformation and
subsequent uplift of the deeply buried units does not occur. Strike-slip faulting is
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likely to act as a vertical conduit for magma at depth (Aydin et al., 1990; Marra
2001; Acocella et al., 2011; Ryang 2013), as normal faulting may result in shallowdipping listric structures accommodating magma (Acocella et al., 1999). Magmas
originating from strike-slip faults in some settings, may be more primitive in their
geochemical nature and less volatile rich than melts utilising shallow dipping
normal or thrust fault as conduits (Acocella and Funiciello 2006; Tibaldi et al.,
2009). It is suggested this occurs because the propensity for shallow-dipping
structures to inhibit vertical magma transportation resulting in the formation of
batholiths (Marra 2001).
In strike-slip basins there may not be a straightforward relationship between
faulting and magma injection. Munn (1983) note that based on the numerous strikeslip basins that are proximal to coeval volcanic rocks, there is no clear correlation
between the master transform faults and the location of the resultant volcanism.
However, the development of large caldera complexes atop transtenstional dilation
zones, or “jogs” along strike-slips faults, are common throughout the central and
southern South American cordillera (Pasquaré et al., 1988; Palomo et al., 2004;
Petrinovic et al., 2010; Acocella et al., 2011; Oriolo et al., 2014). Consequently, all
Permian granites and associated volcanic rocks are found east of the Peel-Manning
Fault System in the heavily structured Carboniferous accretionary complex. These
transtensional zones, allow for the accumulation of magma at shallow depth (Figure
6.10a). This leads to super eruptions driven by a build up of volatiles within the
magma. Large caldera-driving eruptions of Early Permian age, are rare within the
southern New England Orogen, because the erosion level is currently largely deep,
exposing extensive suites of early Permian plutonic rocks.
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Figure 6.10: a: Cross-section block-model of regional geology from Echo Hills
area. b: Eastern margin of Gondwana during the early-mid Permian.
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We propose the rhyolites were erupted syn-kinematically into the upper section of
the Echo Hills Formation. The felsic magmas were probably generated at depth on
the Monkey Creek Fault as a result of melting of the surrounding Anaiwan terrane
sedimentary rocks. These S-type felsic magmas were focussed into dilation zones
along the fault and intruded into the lower sections of the Echo Hills Formation that
was rapidly deposited into a small en echelon strike-slip basin. The en echelon
“lazy Z” shape of the basin suggests dextral strike-slip movement was responsible
for the opening of this pull-apart basin. Similar observations and interpretations
were made for strike-slip basins at Barry Station to the south (Buckman, 1993;
Aitchison et al., 1997) and coincide with the emplacement of the serpentinite
dominated Weraerai terrane.
Emplacement of the Weraerai terrane along the Peel-Manning Fault System and the
timing of transition from an accretionary convergent margin to, one that is
dominated by a strike-slip tectonic regime, has previously been poorly constrained.
Data presented here go someway in resolving this. Serpentinite clasts have been
described by Cross (1983) at the base of the Manning Group, meaning serpentinite
and associated rocks within the Weraerai terrane were at current crustal levels
during basin formation. Fossils described by Runnegar (1970); Mayer (1972); Price
(1973) and Allan (1987) provide a late Carboniferous to Early Permian age for the
Manning Group. The U–Pb zircon ages from the Ramleh Volcanics thus constrain
the timing of serpentinite emplacement and basin formation controlling the
Manning Group.
The final stage of volcanism, from the western Currabubula-Connors-Auburn
continental arc, is provided by the Werrie Basalt and Boggabri Volcanics (300 to
269 Ma). The following stage of volcanism, bit it with some overlap, within the
southern New England Orogen is found within the Carboniferous Anaiwan terrane,
east of the Peel-Manning Fault System. These volcanic rocks are the early forearc
Bakers Creek Suite gabbros (299.3 ± 3.1 Ma). The Ramleh Volcanics erupted as the
magmatic arc was migrating to the east. Subsequently, arc magmatism changed
from predominantly I-type, to S-type as melting of the accretionary complex
occurred. The Ramleh Volcanics follow regional trends of volcanism seen across
the southern New England Orogen during the late Carboniferous – Early Permian.
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Figure 6.11: Time-space plot for the development of the southern New England
Orogen.

214

6.7 Conclusions
1.

The Ramleh Volcanics occur within the upper section of the Echo Hills

Formation at Mulla Creek and have a preferred U–Pb zircon (SHRIMP) 295.6 ± 4.6
Ma (95% confidence, MSWD = 2.8) that constrains the youngest depositional age
of this localised strike-slip basin to earliest Permian.
2.

Two populations of zircons from the Ramleh Volcanics suggest there may

be an older inherited age of ~ 304.5 ± 4.4 Ma reflecting the minimum age of the
surrounding Carboniferous Anaiwan terrane while the younger population of ~292
maybe a more accurate magmatic age of the Ramleh Volcanics.
3.

Geochemically, the Ramleh Volcanics overlap with S-type Hillgrove and

Bundarra Plutonic Supersuites.
4.

Transverse faulting occurred along the Monkey Creek Fault in the Late

Carboniferous – Early Permian, which allowed a deep-seated S-Type magma to rise
to the surface and erupt in a small sedimentary basin developing along synthetic
faults to the east of the Peel-Manning Fault System.
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Chapter 7: Synthesis and Extended Discussion
7.1 Overview
The results of this study demonstrate clearly that the oldest rocks within the New
England Orogen include Cambrian ophiolites and eclogites incorporated into the
serpentinite-matrix mélange (Weraerai terrane) along the Peel-Manning Fault
System and a Siluro-Devonian island arc complex (Gamilaroi terrane) and
associated accretionary complex (Djungati terrane). All geological and geochemical
evidence suggests that these fault bounded terranes formed in an oceanic realm, far
from the influence of Gondwanan continental crust and therefore they are exotic
terranes and allochthonous to eastern Gondwana. Their collision and accretion to
eastern Australia during the latest Devonian led to the addition of juvenile crustal
material to eastern Gondwana via subduction directed outboard (eastward), which
enables emplacement and preservation of dense, oceanic crustal elements onto less
dense continental margins (Aitchison and Flood, 1994; Draut and Clift 2013). The
Weraerai and Gamilaroi terranes in the New England Orogen are one of three
juvenile, island arc terranes within the Tasmanides – the other two being the
Ordovician Macquarie Arc in the Lachlan Orogen to the west and the Permian
Gympie terrane within the north easternmost portion of the New England Orogen.
Thus island arc collisions represent an important mechanism of crustal growth and
deformation within the Tasmanides.
The advent and widespread acceptance of plate tectonics in the early 1970s as a
viable theory and the recognition of subduction zones revolutionised the way
geologists interpreted ancient orogens. Plate tectonics completely replaced the static
geosynclinal theories that previously dominated the literature. Subduction processes
were recognised as important mechanisms in the development of the New England
Orogen by pioneering works of Leitch (1975) and Korsch (1977). This led to a
string of publications attempting to explain magmatism, metamorphism,
sedimentation and deformation within the New England Orogen as a function of
subduction beneath the leading edge of the eastern Gondwanan continental margin
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throughout the Palaeozoic (Scheibner and Basden, 1996; Cawood and Buchan,
2007; Kemp et al., 2009; Glen, 2013). Early tectonic models concentrated on
modern subduction systems such as the Andes in South America or Japan in which
progressively younger material is scraped off the down-going plate resulting in the
development of a complex deformed accretionary complex that youngs towards the
ocean. Gradual accretion of progressively younger crust associated with westdipping subduction beneath eastern Gondwana is generally consistent with the
broadly eastward younging nature of the Tasmanides. Thus, the first tectonic
models for eastern Australia generally involved long-lasting, west-dipping
subduction as a central tenet to the way in which eastern Gondwana grew and
became the consensus model for development of the Tasmanides (Collins, 2002;
Cawood, 2005; Glen, 2005).
However, there exist significant anomalies to this purely accretionary tectonic
model. Establishment of the ophiolitic Weraerai terrane as early Cambrian (~ 530
Ma; Aitchison and Ireland, 1995) was completely inconsistent with tectonic models
involving accretion of progressively younger crust to the leading edge of eastern
Gondwana. The presence of a Cambrian ophiolite and a Siluro-Devonian island arc
amongst predominantly Devonian-Carboniferous subduction complex rocks hinted
at the addition of older oceanic crustal rocks into a younger orogen. During the
1980s it became recognised that allochthonous terranes had travelled 1000s of
kilometres before docking with the west coast of North America (Coney 1980;
Howell, 1995). The terrane analysis methodology was applied to the New England
Orogen (Flood and Aitchison 1988) and suspect terranes such as the Weraerai,
Gamilaroi and Gympie terranes were recognised as possible allochthonous juvenile,
island arc complexes that had periodically collided with eastern Gondwana
throughout the Palaeozoic. The collision of arcs with continental margins is now
recognised as an important mechanism of continental growth with many modern or
recent analogues including the Luzon Arc with Taiwan (Teng 1990); the Semail
Ophiolite with the Arabian continent (Searle and Malpas 1980); and the Banda Arc
(Karig et al. 1987) and islands of Papua New Guinea (Abbott et al., 1994) with the
Australian continent.
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This thesis argues these terranes contributed significantly to crustal growth, in
contrast to the long-lived subduction westerly dipping subduction model proposed
by Cawood and Buchan (2007); Cawood et al. (2011); Collins (2002); Phillips et al.
(2015). This processes of building continental crust via the incorporation of oceanic
terranes onto a margin is alike the Tethys facing margin of India or Arabia where
ophiolitic and/or island arc crust was first obducted onto the continental margin
before final continental collision extinguished the continental arc magmatism that
was active along the southern Eurasian margin (Corfield et al., 1999; Buckman et
al., 2018) and the (Siluro–Devonian) Alaskan portion of the north American
cordillera (Hadlari et al., 2013; Nekrasov and Bogomolov, 2015).
One of the difficulties associated with studying juvenile oceanic terranes is the
lack of datable minerals within dominantly mafic volcanic rocks and relatively
unfossiliferous, deep marine sedimentary rocks. Consequently, there have been very
few radiometric dates published from these ophiolite-arc complexes since the
original dates of Aitchison and Ireland (1995). Given the significance and debates
about the origins of these oceanic terranes within the Tasmanides, it was a primary
aim of this project to provide accurate U–Pb zircon ages for rare eclogites at
Attunga which are a signature of subduction processes as well as more ages of the
Weraerai and Gamilaroi terranes ages provided by Aitchison and Ireland (1995) in
order to test the consistency of ages of these oceanic terranes several hundred
kilometres along strike. Obtaining dateable zircons from appropriate metamorphic
and igneous phases was difficult and required processing several 4 kg samples
before a small amount of zircons suitable for SHRIMP dating were obtained.
Even the highly fractionated plagiogranites and trondhjemites were mostly
devoid of zircon and the ages reported from Barry Station in Chapter 3 required
several attempts, using HH XRF to target Zr “hotspots”, before finding a zirconbearing sample that yielded a sufficient number of zircons to be dated with
SHRIMP.
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7.2 Contributions from Chapter 4:
U–Pb–Hf–REE–Ti ZIRCON AND REE GARNET GEOCHEMISTRY OF
THE CAMBRIAN ATTUNGA ECLOGITE, NEW ENGLAND OROGEN,
AUSTRALIA: IMPLICATIONS FOR CONTINENTAL GROWTH ALONG
EASTERN GONDWANA
Rare high-pressure metamorphic rocks are preserved at high crustal levels within
the serpentinite mélange along the Peel-Manning Fault System. A block of eclogite
at Attunga, NSW was found to have a magmatic protolith age of 534 ± 14 Ma, and
a metamorphic age of 492 ± 13 Ma. This is in contrast to the previous ~ 650 Ma
protolith and ~ 570 Ma metamorphic ages proposed by Watanabe et al. (1999).
Protolith U–Pb zircon ages for the Attunga eclogite are equivalent in age to
plagiogranites and gabbro from the Weraerai terrane (chapter 3). The eclogite
interpretation of the 492 ± 13 Ma metamorphic zircon age is reinforced by REE
element concentrations in zircons verse garnets, which demonstrate the zircons
recrystallised coevally with garnet under peak metamorphic conditions in the
absence of plagioclase. This eclogite facies metamorphism represents the
occurrence oceanic subduction at ~ 492 Ma. If the K–Ar ages of (465–480 Ma;
Fukui et al., 1995) for the blueschists at Glenrock are correct, and not erroneously
older due to excess radiogenic argon, a common problem where older continental
crust is present (Kelley, 2002), then all of these high grade metamorphic rocks may
be associated with same continuous oceanic subduction zone during the early
Palaeozoic.
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7.3 Contributions from Chapter 5:
EXOTIC ISLAND ARC PALEOZOIC TERRANES ON THE EASTERN
MARGIN OF GONDWANA: GEOCHEMICAL WHOLE ROCK AND
ZIRCON U–Pb–Hf ISOTOPE EVIDENCE FROM BARRY STATION, NEW
SOUTH WALES, AUSTRALIA
The Weraerai terrane occurs along the Peel-Manning Fault system as a
dismembered, serpentinite-matrix mélange that also contains rare highpressure/low-temperature blueschist and eclogite metamorphic blocks (Chapter 4).
The Siluro-Devonian, island arc Gamilaroi terrane is situated west of the PeelManning Fault System but has been partitioned by into several fault splays south of
Nundle. So far, no cross-cutting field relationships have been observed between the
two oceanic terranes, they are fault-bounded against one another along their entire
length.
When Aitchison et al. (1992) published early Cambrian ages for a plagiogranite
within the Weraerai terrane at Upper Bingara, numerous models were proposed to
reconcile these data within the tectonic framework, not only for New England
Orogen, but also with the Tasmanides. Whole rock geochemical analysis by
Aitchison and Ireland (1995), Sano et al. (2004) and Yang and Seccombe (1997)
demonstrated the rotated bocks of ophiolite are of supra-subduction zone origin,
forming in the fore-arc during either the initial stages of oceanic subduction (Stern
and Bloomer 1992), or decompressional melting during slab roll-back (Jenkins et
al., 2002). Phillips et al. (2015) propose the Cambrian oceanic crust is associated
with the Dalemarian Orogen in the far western portion of the Tasmanides. This
concept of a long-lived westerly-dipping subduction zone has since proliferated
throughout the literature. Aitchison and Ireland (1995) was the first to suggest the
terrane was allochthonous to the margin of Gondwana. Data presented in this thesis
confirm the early Cambrian protolith age for the ophiolite and its fore-arc setting.
From this thesis, the Weraerai terrane’s oceanic origins are substantiated by its
juvenile initial εHf zircon values. Along the eastern portion of the fault system
within the Manning District, no ages have been defined for the ophiolite, with Sano
et al. (2004) proposing this portion of the terrane represents a separate entity, based
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on whole rock geochemical characteristics. This hypothesis warrants further
investigation.
Located at Barry and Glenrock along the Peel-Manning Fault System, are early
Devonian trondhjemitic intrusive units. All of which are fault bounded and underlie
of a Silurian-Devonian island arc volcanic pile. Acquiring U–Pb zircon ages from
these plutonic suites have been notoriously difficult, with only 2 previous ages
published (436-411 Ma; Kimbrough et al., 1993; Aitchison and Ireland 1995).
Three meaningful U–Pb zircon ages were obtained in this thesis. Recent detrital
zircon data was presented by Roder (2015), from an enigmatic volcanogenic
sequence ~ 10 km north of Barry. These are the turbidites and conglomerates of the
Murrawong Creek and Pipeclay Creek formations. Ordovician-Silurian deep marine
tuffs, Cambrian-Silurian fossil assemblages and clasts of island arc orogen are
found within these two formations. This thesis suggest that these early Paleozoic
deep marine sequences are affiliated with the island arc rocks of the Gamilaroi
terrane, with the early Devonian trondhjemites representing felsic intrusives and
thus the mature stage of the island arc.
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7.4 Contributions from Chapter 6:
EARLY PERMIAN STRIKE-SLIP BASIN FORMATION AND FELSIC
VOLCANISM IN THE MANNING GROUP, SOUTHERN NEW ENGLAND
OROGEN, EASTERN AUSTRALIA.
All the above-described terranes are controlled by the Peel-Manning Fault
System. Final emplacement of the terranes is suspected to have occurred in the
early Permian, with the formation of early Permian strike-slip basins along the
length of the fault, which display synkinematic sedimentary structures and rare
clasts of serpentinite. U–Pb zircon province studies from the largest of the elongate
basins along the eastern portions of the Peel-Manning Fault System provide
maximum deposition ages of ~ 288 Ma (White et al., 2016). The nature of the mass
flow deposits into the basins, means there is little preservation of biostrgraphy
leading to poor overall temporal constraints for fault movement, basin development
and thus final emplacement of the adjacent terranes. A number of attempts have
been made during the course of this thesis, to obtain sufficient zircons from
volcanics that are intercalated with sediments within the Echo Hills Basin. The
volcanics are rhyolitic in nature; with soft, wet sediment reaction structures present
where the volcanics contact the basin fill. The prefered zircon age of 295.6 ± 4.6
Ma the rhyolites is (chapter 4), which is indistinguishable from the ages of S-type
granites nearby to the east (e.g. Hillgrove Plutonic Supersuite). This age constrains
basin formation, along the Monkey Creek Fault, a splay from the Peel-Manning
Fault to the west. Information on intra-orogenic fault movement between terranes
following accretion is seldom investigated in other orogens in conjunction with
terrane formation and accretion.
At higher crustal levels, the Peel-Manning Fault System is perhaps the most
significant crustal disconunity within the eastern Australia. At depth, the Peel Fault
spalys off a larger, west-dipping structure (Korsch et al., 1997). However no surface
expression has been documented for this larger fault (Glen et al. 1993). Together
the faults may represent a reworked paleosuture. Dating the rhyolites interbedded
with the strike-slip basin sedimentary unit of the Manning Group helps to constrain
initiation of the Peel-Manning Fault System and emplacement of the serpentinite
melange that comprises the Weraerai terrane.
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Volcanism, which erupted during this time, may therefore have a closer
relationship with this style of faulting then previously thought.
7.5 Recommendations for Future Studies
Notable chromitite deposits occur within the Weraerai at Upper Bingara and
Barrabra (Brown et al., 1992). 187Os/188Os ratios of the chromite provide
information on how separate batches of melt interacted with one another during the
formation of the ophiolite (Shi et al., 2012). Re–Os model ages can also be
calculated for the ultramafic whole rock (Carlson and Irving 1994). In close
proximity to this location, is the second largest diamond field in Australia, the
Copeton and Bingara Paleogene alluvial deposits (Barron et al., 1996; Davies et al.,
2003; Barron et al., 2008). So far, the source for the sparse microdiamonds has not
been located. One possibility that they are related to the peridotites along the PeelManning Fault System. Chromitites from the (Cretaceous) Tethyan ophiolites for
example can harbour microdiamonds. These podiform chromitites form at shallow
mantle depths (60-80 km; Zhou et al., 1996; Arai, 1997; Edwards et al., 2000),
under a distinctly separate tectonic setting compared with Kimberlites – the main
source of diamonds. (Dilek et al., 2018). Recent work by Xiong et al. (2018)
suggests these microdiamonds may not need to be encapsulated by chromitite, but
may be found in the peridotites groundmass. Further reconciliation locating the
source of the diamonds to specific lithologies in the Peel-Manning Fault System
may not be of economic significance, but would provide valuable information on
Palaeozoic high-pressure metamorphism.
Sm–Nd isotope data from sample garnet-clinopyroxene-whole rock fractions
garnets within high-pressure terranes provide timing of peak metamorphic
conditions and exhumation rates. This method has been carried out by for the
Zermatt-Saas ophiolite (Bowtell et al., 1994; Amato et al., 1999); Austroalpine
Koralpe and Saualpe basement nappes of the eastern Alps (Thöni and Jagoutz 1992)
and Neoproterozoic ophiolites from southeastern China (Li et al., 1997). By
conducting this on high-pressure rocks of the southern New England Orogen, will
provide additional information on the timing and exhumation history of its rare
high-pressure metamorphic rocks.
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Understanding the formation of early Permian sedimentary basins within the
southern New England Orogen is an important element, as these basins formed
coevally with the orogen-wide terrane dispersal event (Cawood and Leitch 1985;
Collins 1991). It has been proposed this orogen-wide dispersal event resulted in a
number of oroclines, by either the coupling of the down-going Panthlassan plate
with the Gondwanide margin (Li et al., 2012b) or roll-back (Jenkins et al., 2002).
Though these structures are clearly visible, controversy surrounds their formation
across all orogens (Marshak 2004). Detailed provence studies concerning the
location of particular terranes in relation to one another within the orogen will
strengthen arguments surrounding orocline formation.
Located in the most north-east portion of the of the southern New England
Orogen is the Baryulgil Serpentinite (Korsch & Harrington, 1987; Chapter 6, Figure
6.1). So far, no absolute age has been calculated for the ultramafic body that
contains gabbroic rocks of bonninititic affinity (Qureshi et al., 1993). The eastern
side of the terrane, is over-lapped by the Clarence Morton Basin, with the western
side fault bounded with the Emu Creek Block, a Devonian-Carboniferous fore-arc
assemblage (Hoy et al., 2014) equivalent to the Tamworth Belt on the western side
of the Peel-Manning Fault System. Mechanisms leading to their dispersal is linked
to the formation of the Texas Orocline (Li et al., 2012a). It is envisioned the
terranes were rotated in a clock-wise manner, to the southeast, during the early
Permian where they are now located.
Detrital zircons were obtained from interlayered blueschists and eclogite from
Rocky Beach, Port Macquarie by Nutman et al. (2013); (Chapter 4, Figure 4.1)
indicates high pressure metamorphism definitely no earlier then ~ 340 Ma
(Carboniferious). This is at odds with a ~ 470 Ma (Ordovician) metamorphic age,
which was based on Ar–Ar dating of phengites (Och et al., 2003, 2007).
Rare ~ 250 Ma zircons were detected in more then one of the samples used in the
Nutman et al. (2013) study. These samples were processes at different times
through the ANU mineral separation laboratory – the rigorous washing of chipped
samples prior to crushing. Therefore the rare ~ 250 Ma zircons are most likely
indigenous to the Port Macquarie samples and not contaminant beach sand. The
significance of these ~ 250 Ma grains was explored by Natman et al. (2013), if they
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are a detritial component, then they would place the high-pressure metamorphism
as late as ~ 250 Ma- the Hunter-Bowen Orogeny. However, another possibility is
that they are derived from thin (few mm) felsic veins traversing the samples. If so,
then they are probably post-date the high pressure metamorpshim. Sm-Nd garnetwhole rock dating is unlikely to resolve this debate, due to the highly retrogressed,
chloritised nature of garnets.
Triassic detrital zircon ages from the former have been assumed to be
contamination from the beach sands. An attempt was made during this research
project to calculate Rb–Sr ages from high-pressure phengitic micas from the Rocky
Beach eclogites. However, calcite, abundant throughout all of the outcrop, severely
hampered the calculation of whole rock Sr isotopic ratios, as the mineral harbours
excess Sr. Further U–Pb zircon and Sm–Nd isotope data from garnets is required on
the metamorphic rocks from this costal tract.
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Appendix 1 Summary of hafnium isotopic results. Zircon reference materials
Chapter 4.
Reference

174

Hf/177Hf

1SE

178

Hf/177Hf

1SE

176

Lu/177Hf

1SE

176

Hf/177Hf

1SE

ε Hf(0)

1SE

Spot

Standards (Nov. 2013)
QGNG1.1

0.008676

0.000011

1.467532

0.000064

0.000874

0.000020

0.281580

0.000017

-42.62

0.60

QGNG1.2

0.008662

0.000010

1.467666

0.000052

0.000946

0.000002

0.281630

0.000018

-40.83

0.62

QGNG1.3

0.008657

0.000010

1.467712

0.000053

0.000976

0.000002

0.281639

0.000016

-40.52

0.57

QGNG1.4

0.008636

0.000011

1.467662

0.000074

0.000644

0.000010

0.281588

0.000020

-42.33

0.69

QGNG1.5

0.008674

0.000011

1.467688

0.000043

0.000545

0.000002

0.281587

0.000014

-42.36

0.49

QGNG1.6

0.008650

0.000012

1.467672

0.000050

0.000962

0.000016

0.281598

0.000013

-41.98

0.46

QGNG1.7

0.008612

0.000017

1.467589

0.000082

0.001126

0.000034

0.281598

0.000019

-41.98

0.68

QGNG1.8

0.008656

0.000015

1.467631

0.000039

0.000582

0.000000

0.281578

0.000012

-42.68

0.44

QGNG1.9

0.008670

0.000015

1.467646

0.000057

0.000927

0.000007

0.281605

0.000016

-41.74

0.58

1.467644

0.000055

0.000842

0.000202

0.281600

0.000021

-41.89

0.76

0.281612

0.000006

-41.50

0.21

AVERAGES +/- 1SD
Accepted value (Woodhead and Hergt, 2005)

MUDTANK.1

0.008677

0.000007

1.467606

0.000045

0.000018

0.000000

0.282534

0.000012

-8.87

0.44

MUDTANK.2

0.008678

0.000009

1.467589

0.000047

0.000016

0.000000

0.282494

0.000013

-10.29

0.45

MUDTANK.3

0.008671

0.000008

1.467667

0.000047

0.000018

0.000000

0.282513

0.000013

-9.63

0.47

MUDTANK.4

0.008666

0.000006

1.467629

0.000048

0.000012

0.000000

0.282495

0.000014

-10.27

0.48

MUDTANK.5

0.008671

0.000008

1.467665

0.000045

0.000014

0.000000

0.282493

0.000012

-10.33

0.42

MUDTANK.6

0.008674

0.000008

1.467649

0.000044

0.000010

0.000000

0.282508

0.000011

-9.80

0.39

MUDTANK.7

0.008668

0.000010

1.467676

0.000050

0.000023

0.000000

0.282527

0.000013

-9.12

0.47

MUDTANK.8

0.008682

0.000009

1.467583

0.000054

0.000021

0.000000

0.282510

0.000015

-9.71

0.52

MUDTANK.9

0.008655

0.000010

1.467632

0.000054

0.000052

0.000000

0.282502

0.000013

-10.00

0.47

MUDTANK.10

0.008683

0.000009

1.467649

0.000049

0.000017

0.000000

0.282508

0.000013

-9.80

0.45

0.000048

AVERAGES +/- 1SD

0.282508

Accepted value (Woodhead and Hergt, 2005)

0.282507

0.000014

-9.78

0.49

0.000006

-9.83

0.21

FC-1#1

0.008623

0.000015

1.467390

0.000032

0.001441

0.000005

0.282205

0.000012

-20.53

0.42

FC-1#2

0.008655

0.000010

1.467433

0.000025

0.000511

0.000011

0.282165

0.000009

-21.92

0.32

FC-1#3

0.008657

0.000011

1.467420

0.000037

0.001223

0.000010

0.282181

0.000013

-21.36

0.46

FC-1#5

0.008649

0.000010

1.467414

0.000034

0.000474

0.000009

0.282165
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-21.91

0.33
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1.467378

0.000033
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0.000013
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1.467393
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0.282198
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FC-1#8

0.008656

0.000013

1.467444

0.000036

0.001007

0.000030

0.282193

0.000010

-20.95

0.37

291

FC-1#9

0.008665
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1.467401

0.000030

0.000910

0.000001

0.282170

0.000009

-21.75

0.31

FC-1#10

0.008654

0.000012

1.467390

0.000031

0.001084

0.000023

0.282182

0.000010

-21.32

0.34

0.000014

-21.35

0.51

-21.25

0.57

AVERAGES +/- 1SD

0.000999

0.282181

Accepted value (Woodhead and Hergt, 2005)

0.001262

0.282184
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Standard summary Neptune 16-17 September 2014.

Reference
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Hf/177Hf

1SE

178

Hf/177Hf

176

1SE

Lu/177Hf

1SE

176

Hf/177Hf

1SE

ε Hf(0)

1SE

Spot

91500#1.exp

0.008674

0.000022

1.467417

0.000044

0.000386

0.000002

0.282300

0.000015

-17.17

0.52

91500#2.exp

0.008664

0.000018

1.467376

0.000043

0.000334

0.000001

0.282307

0.000017

-16.91

0.59

91500#3.exp

0.008674

0.000019

1.467448

0.000040

0.000384

0.000002

0.282320

0.000015

-16.43

0.53

91500#4.exp

0.008683

0.000017

1.467339

0.000044

0.000321

0.000000

0.282319

0.000015

-16.48

0.53

91500#5.exp

0.008671

0.000018

1.467386

0.000043

0.000390

0.000000

0.282311

0.000015

-16.76

0.53

91500#6.exp

0.008647

0.000012

1.467456

0.000071

0.000323

0.000000

0.282311

0.000015

-16.75

0.53

91500#7.exp

0.008655

0.000015

1.467387

0.000038

0.000330

0.000001

0.282302

0.000012

-17.08

0.44

91500#9.exp

0.008660

0.000017

1.467431

0.000041

0.000337

0.000000

0.282326

0.000016

-16.25

0.57

91500#9.static.exp

0.008681

0.000014

1.467389

0.000034

0.000304

0.000001

0.282308

0.000012

-16.88

0.43

91500#10.static.exp

0.008681

0.000018

1.467366

0.000033

0.000340

0.000000

0.282312

0.000013

-16.73

0.45

91500#11.static.exp

0.008697

0.000016

1.467342

0.000041

0.000305

0.000000

0.282346

0.000015

-15.52

0.54

91500#12.static.exp

0.008675

0.000016

1.467374

0.000031

0.000312

0.000000

0.282317

0.000011

-16.54

0.39

91500#13.static.exp

0.008731

0.000015

1.467331

0.000031

0.000328

0.000000

0.282317

0.000014

-16.54

0.48

91500#14.static.exp

0.008689

0.000014

1.467393

0.000039

0.000282

0.000000

0.282298

0.000015

-17.21

0.52

91500#15.static.exp

0.008708

0.000015

1.467405

0.000037

0.000273

0.000000

0.282335

0.000015

-15.91

0.52

91500#16.static.exp

0.008676

0.000017

1.467354

0.000035

0.000258

0.000002

Average

0.008679

1.467387

0.282322

0.000013

-16.39

0.46

0.000325

0.282316

0.000013

-16.60

0.45

0.000311

0.282306

0.000008

-16.93

0.28

Accepted value (Woodhead and Hergt, 2005)

MUDTANK#1.static.exp

0.008668

0.000011

1.467470

0.000028

0.000015

0.000000

0.282511

0.000011

-9.68

0.39

MUDTANK#1.static.exp

0.008664

0.000010

1.467427

0.000026

0.000015

0.000000

0.282502

0.000010

-10.00

0.36

MUDTANK#1.static.exp

0.008668

0.000011

1.467470

0.000028

0.000015

0.000000

0.282511

0.000011

-9.68

0.39

MUDTANK#2.static.exp

0.008683

0.000009

1.467463

0.000027

0.000015

0.000000

0.282510

0.000009

-9.72

0.32

MUDTANK#3.static.exp

0.008659

0.000009

1.467443

0.000025

0.000022

0.000000

0.282510

0.000009

-9.73

0.33

MUDTANK#4.static.exp

0.008668

0.000009

1.467443

0.000025

0.000013

0.000000

0.282520

0.000008

-9.37

0.29

MUDTANK#5.static.exp

0.008681

0.000009

1.467460

0.000024

0.000023

0.000000

0.282520

0.000008

-9.38

0.29

MUDTANK#6.static.exp

0.008652

0.000010

1.467433

0.000025

0.000005

0.000000

0.282501

0.000008

-10.03

0.29

MUDTANK#7.static.exp

0.008666

0.000010

1.467444

0.000030

0.000017

0.000000

0.282519

0.000010

-9.40

0.34

MUDTANK#8.static.exp

0.008673

0.000007

1.467410

0.000028

0.000021

0.000000

0.282510

0.000009

-9.73

0.30

MUDTANK#9.static.exp

0.008653

0.000010

1.467403

0.000033

0.000025

0.000000

0.282518

0.000009

-9.45

0.33

0.008677

0.000009

1.467398

0.000025

0.000017

0.000000

0.282510

0.000008

-9.72

0.28

0.008666

0.000008

1.467362

0.000033

0.000017

0.000000

0.282509

0.000009

-9.77

0.32

0.008683

0.000008

1.467377

0.000026

0.000111

0.000001

0.282487

0.000008

-10.54

0.27

0.008667

0.000010

1.467434

0.000040

0.000096

0.000001

0.282477

0.000010

-10.91

0.36

0.008659

0.000008

1.467423

0.000021

0.000074

0.000002

0.282472

0.000009

-11.08

0.32

0.008688

0.000008

1.467385

0.000024

0.000073

0.000002

0.282478

0.000008

-10.84

0.29

MUDTANK#10.static.ex
p
MUDTANK#11.static.ex
p
MUDTANK#12.static.ex
p
MUDTANK#13.static.ex
p
MUDTANK#14.static.ex
p
MUDTANK#15.static.ex
p
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Average

0.008669

1.467426

0.000034

Accepted value (Woodhead and Hergt, 2005)

0.282504

0.000016

-9.94

0.56

0.282507

0.000006

-9.83

0.21

QGNG-1.static.exp

0.008681

0.000011

1.467453

0.000027

0.001096

0.000010

0.281614

0.000011

-41.40

0.38

QGNG-2.static.exp

0.008661

0.000010

1.467477

0.000024

0.000643

0.000002

0.281591

0.000008

-42.22

0.29

QGNG-3.static.exp

0.008664

0.000011

1.467404

0.000029

0.000755

0.000012

0.281612

0.000009

-41.47

0.31

QGNG-4.static.exp

0.008653

0.000011

1.467518

0.000032

0.000905

0.000004

0.281600

0.000010

-41.89

0.35

QGNG-5.static.exp

0.008668

0.000009

1.467424

0.000027

0.000982

0.000004

0.281611

0.000010

-41.50

0.36

QGNG-6.static.exp

0.008643

0.000011

1.467454

0.000028

0.000909

0.000007

0.281615

0.000010

-41.36

0.37

QGNG-7.static.exp

0.008656

0.000012

1.467479

0.000033

0.001173

0.000012

0.281610

0.000011

-41.56

0.38

QGNG-8.static.exp

0.008706

0.000013

1.467443

0.000029

0.000997

0.000003

0.281630

0.000009

-40.85

0.32

QGNG-9.static.exp

0.008663

0.000010

1.467474

0.000027

0.000545

0.000001

0.281603

0.000010

-41.81

0.35

QGNG-10.static.exp

0.008674

0.000012

1.467371

0.000033

0.001117

0.000008

0.281616

0.000010

-41.33

0.36

QGNG-11.static.exp

0.008668

0.000012

1.467395

0.000029

0.000960

0.000006

0.281610

0.000009

-41.56

0.30

QGNG-12.static.exp

0.008672

0.000009

1.467449

0.000024

0.000425

0.000003

0.281596

0.000008

-42.05

0.30

QGNG-13.static.exp

0.008701

0.000010

1.467425

0.000027

0.000511

0.000007

Average

0.0086700

1.467442

0.0008475

Accepted value (Woodhead and Hergt, 2005)

0.281614

0.000010

-41.41

0.36

0.2816095

0.000010

-41.57

0.35

0.281612

0.000006

-41.50

0.21

FC1.1.static.exp

0.008652

0.000012

1.467483

0.000030

0.001670

0.000054

0.282173

0.000011

-21.65

0.37

FC1.2.static.exp

0.008668

0.000016

1.467840

0.000044

0.000483

0.000012

0.282228

0.000012

-19.70

0.44

FC1.3.static.exp

0.008624

0.000011

1.467462

0.000030

0.001073

0.000019

0.282156

0.000010

-22.23

0.37

FC1.4.static.exp

0.008725

0.000020

1.467389

0.000036

0.001128

0.000005

0.282199

0.000017

-20.72

0.61

FC1.5.static.exp

0.008663

0.000010

1.467462

0.000031

0.000862

0.000004

0.282154

0.000009

-22.32

0.32

FC1.6.static.exp

0.008654

0.000014

1.467416

0.000029

0.001214

0.000003

0.282171

0.000010

-21.71

0.36

FC1.7.static.exp

0.008699

0.000013

1.467473

0.000032

0.001747

0.000007

0.282195

0.000011

-20.87

0.40

FC1.7.static.exp

0.008700

0.000013

1.467463

0.000032

0.001755

0.000007

0.282185

0.000012

-21.21

0.42

FC1.8.static.exp

0.008660

0.000011

1.467436

0.000029

0.001159

0.000001

0.282169

0.000013

-21.79

0.45

FC1.9.static.exp

0.008674

0.000009

1.467436

0.000027

0.001299

0.000005

0.282180

0.000008

-21.41

0.29

FC1.10.static.exp

0.008698

0.000013

1.467402

0.000027

0.001280

0.000005

0.282177

0.000010

-21.51

0.36

FC1.11.static.exp

0.008655

0.000013

1.467443

0.000027

0.001444

0.000002

0.282183

0.000011

-21.30

0.38

FC1.12.static.exp

0.008696

0.000015

1.467361

0.000032

0.001047

0.000021

0.282174

0.000011

-21.59

0.40

FC1.13.static.exp

0.008689

0.000010

1.467363

0.000025

0.001247

0.000022

0.282166

0.000009

-21.90

0.30

FC1.14.static.exp

0.008675

0.000011

1.467360

0.000022

0.001060

0.000008

0.282173

0.000010

-21.65

0.36

FC1.15.static.exp

0.008706

0.000015

1.467407

0.000035

0.001651

0.000008

0.282235

0.000012

-19.44

0.41

Average

0.008677

1.467450

0.001257

0.282182

0.000023

-21.31

0.80

0.001262

0.282184

0.000016

-21.25

0.57

Accepted value (Woodhead and Hergt, 2005)
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Evolution and Metallogenesis of the Great Serpentinite
Belt in the New England Orogen, N.S.W. Australia
R. J. Manton1*, S. Buckman1, A. P. Nutman1
1

GeoQuEST Research Centre, School of Earth and Environmental Sciences,
University of Wollongong, Wollongong, NSW, Australia.

Current tectonic interpretations of disrupted ophiolitic complexes and scattered
HP/LT eclogite-blueschist blocks within the New England Orogen are still
problematic due to limited or unreliable geochronological data. Ophiolitic, islandarc and accretionary complex terranes are contained or spatially associated within
the 'alpine-type' Great Serpentinite Belt, which is controlled by the ~350km long,
NNW-SSE orientated, Peel-Manning Fault System. The Cambro-Ordovician blocks
within the mélange contrast with the Permian emplacement age for the serpentinite.
Early Cambrian (530 Ma) ages of the igneous zircons extracted from plagiogranites
and tonalities record the formation of the ophiolitic protolith making them the
oldest rocks in eastern Australia (Aitchison et al., 1992 Geology v. 20). The timing
of serpentinite emplacement is problematic. The minimum age is constrained by the
stitching pluton of the Late Permian Moonbi Adamellite (256 × 4 Ma) and the
presence of serpentinite clasts within adjacent Early? Permian Manning Group
rocks. However, the maximum emplacement age is less well constrained and
limited to the absence of serpentinite clasts in older adjacent Carboniferous
sedimentary rocks, thereby suggesting the serpentinite belt was not exposed until
the Early Permian. In this study we present zircon U-Pb dates and REE chemistry
of an eclogite block in the serpentinite belt at Attunga. REE chemistry of the
295

zircons shows an age of 492 × 13 Ma for high pressure metamorphism. Igneous
inheritance in metamorphic zircon has an age of ~530 Ma. Titanium in zircon
thermometry (zircon + rutile + quartz) indicate high pressure zircon growth at 650 700°C. This is higher than the previously calculated 290 - 600°C, which was based
on the distribution of Fe and Mg between co-existing garnet and pyroxene (Shaw
and Flood 1974, AJES v. 21). We interpret this block as being a portion of the
metamorphic sole of the original ophiolite. Ongoing studies will further constrain
the source, emplacement of and mineralisation along, the length of the Great
Serpentinite Belt. Evolution and age of rocks will be traced using zircon U-Pb, Hf
isotopes and REE chemistry whereas Rb-Sr isotopic analysis of fuchsite
(mariposite) within listwaenites will constrain the timing and source of gold
mineralisation along the Peel-Manning Fault System. These results will provide a
more accurate framework with which to understand the Palaeozoic evolution of the
New England Orogen and how it might relate to the relatively heavily explored,
Palaeozoic, Lachlan Fold Belt to the west.

296

Conference: Geological Society of Australia, 2014 Australian
Earth Sciences Convention (AESC), Sustainable Australia.
Abstract No 110 of the 22nd Australian Geological Convention,
Newcastle City Hall and Civic Theatre, Newcastle, New South
Wales. July 7 – 10, p. 242Newcastle City Hall and Civic Theatre, Newcastle, New South
Wales

Relationships between the Cambrian ophiolitic
Weraerai and Devonian island arc Gamilaroi
terranes at Barry Station, southern New England
Orogen, N.S.W., Australia
R. J. Manton1*, S. Buckman1, A. P. Nutman1, Joshua Richardson1
1

GeoQuEST Research Centre, School of Earth and Environmental Sciences,
University of Wollongong, Wollongong, NSW, Australia.

New zircon geochronology from lithologies previously regarded as difficult
to date, including eclogites and gabbros, within the southern New England
Orogen (NEO) are revealing surprisingly different ages to previously
published dates. This suggests that the tectonic evolution of the southern
NEO is much more complex than the long-lived, west-dipping
subduction/accretion model that has dominated the literature since the
advent of plate tectonics in the 1970’s. Of particular significance are the
volcano-sedimentary Carboniferous to Permo-Triassic zircons obtained
from the Rocky Beach eclogite at Port Macquarie suggesting that the
Ordovician K–Ar dates obtained from phengites may have been prone to
excess argon issues and therefore not accurate. Likewise the Tacking Point
Gabbro at Port Macquarie was found to be Devonian (ca 390 Ma) rather
than Permian as previously based on compositional similarities with the
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Clarence River Suite. Ordovician detrital zircons from a volcaniclastic
sandstone interbedded with pillow basalts of the Watonga Formation
confirm the presence of Ordovican conodonts in cherts of the Watonga
Formation. Small remnants of Ordovician to Silurian sedimentary rocks
occur scattered throughout the New England Orogen, including the Watonga
Formation at Port Macquarie and the Murrawong Formation at Nundle.
These along with the disrupted Cambrian ophiolitic blocks within the
Weraerai terrane hint at an early Paleozoic evolution of the NEO that began
in a subduction factory somewhere in the Panthalassic Ocean, well away
from the continental influence of Gondwana, at the same time that the
Macquarie Arc was being formed. Metamorphic zircon ages from the
Attunga Eclogite indicate an age of ca 490 Ma with a 530–510 Ma
inheritance. The REE chemistry of the Attunga metamorphic zircons
indicate growth in the presence of garnet but not plagioclase, indicating
eclogite facies metamorphism has been dated. We suggest that the Attunga
Eclogite may represent a portion of the metamorphic sole of the Weraerai
terrane ophiolite that itself may represent the basement material onto which
the younger island-arc Gamilaroi terrane was built during the Silurian–
Devonian. Final collision of the Gamilaroi terrane with Gondwana occurred
in the latest Devonian resulting in the Kanimblan Orogeny and coinciding
with the termination of magmatic activity in the Lachlan Orogen in the
Middle Devonian. The subsequent subduction flip resulted in a magmatic
flare-up along eastern Gondwana that started with the Carboniferous
Bathurst Granites/Currububula Arc and migrated eastward by the Permian
resulting in the emplacement of the New England Batholith. The next
quantum addition of juvenile crust is associated with the collision of the
Gympie terrane – another exotic, island-arc complex, which is responsible
for the Hunter-Bowen Orogeny and termination of magmatic activity within
the New England Batholith at about the Permo-Triassic boundary. It also led
to the exhumation of the Port Macquarie eclogite/serpentinite before onset
of another magmatic flare-up in the Late Triassic associated with the Lorne
and Clarence-Moreton basins.
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Conference: 2018 International Workshop on the Granulite
Facies Metamorphism and the Early Plate Tectonics
Laiyang City, Shandong Province, China.

OPHIOLITES, ECLOGITES, RHYOLITES FROM THE
NEW ENGLAND OROGEN AUSTRALIA:
IMPLICATIONS FOR CONTINENTAL GROWTH
ALONG EASTERN GONDWANA
R. J. Manton1*, S. Buckman1, A. P. Nutman1
1

GeoQuEST Research Centre, School of Earth and Environmental Sciences,
University of Wollongong, Wollongong, NSW, Australia.

How much of an orogen consists of mature continental derived material vs. juvenile
material conveyed in from an exotic location? The current theory for the
Tasmanides of eastern Australia is summed in a process of back-arc opening and
closure, consistently recycling continental-derived material. We provide evidence
opposing this theory. Our samples from the Peel-Manning Fault System reveal the
presence of an early Palaeozoic oceanic subduction zone along the east coast of
Gondwana. A supra-subduction zone ophiolite is present as dislocated blocks
within a serpentinite mélange. Rare blocks of blueschist and eclogite are also found
within the mélange. Eclogite SHRIMP U–Pb zircon protolith ages are ~530 Ma,
with eclogite facies metamorphism at ~490 Ma, This is demonstrated by the coeval
growth of garnet and metamorphic zircon. This makes them the oldest rocks in
eastern Australia and some of the oldest eclogite facies rock in the world.
Elsewhere on the Peel-Manning Fault System, ages for gabbro from the ophiolite
return ~505 Ma SHRIMP U–Pb zircon ages. Lu–Hf zircon ratios from both the
gabbro and the eclogite show juvenile ratios (εHf(t) of + 11.1 to +13), signifying
their oceanic origin. Fault-bounded and adjacent to these oceanic rocks, are SiluroDevonian (~410 Ma) felsic island arc intrusives, their accompanying accretionary
complex and volcaniclastic subaqueous aprons. We propose these narrow terranes
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now located along the Peel-Manning Fault System were all derived from the same
ancient subduction zone. These terranes were accreted onto the leading edge of
Gondwana in the latest Devonian. Extensive transverse faulting, lead to the
transportation of these terranes to higher crustal levels by the early Permian. This
was an orogen-wide terrane dispersal event and was recorded by synkinematic
rhyolite volcanism and transtensional basin formation. Continual refinement of
petrogenesis of active margin rocks and intra-oceanic terranes within Tasmanides
contributes to all orogen-wide tectonic models. Multiple subduction zones may
have existed within the Panthalassa Ocean during the early-mid Paleozoic. Juvenile
crust produced in the process contributed significantly to the growth of continental
crust along the eastern Gondwana margin in the early Palaeozoic.
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